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FOREWORD 

The Reactor Development P r o g r a m P r o g r e s s Report, issued 
monthly, is intended to be a means of reporting those items 
of significant technical p rogress which have occurred in 
both the specific reactor projects and the general engineer
ing re sea rch and development programs. The report is or
ganized in a way •which, it is hoped, gives the clearest , most 
logical over-a l l view of progress . The budget classification 
is followed only in broad outline, and no attempt is made to 
report separately on each sub-activity number. Further , 
since the intent is to report only items of significant prog
r e s s , not all activities a re reported each month. In order 
to issue this report as soon as possible after the end of the 
month editorial work must necessar i ly be limited. Also, 
since this is an informal progress report , the resul ts and 
data presented should be understood to be prel iminary and 
subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
repor ts . 

The last six reports issued 
in this ser ies are: 

May 1963 ANL-6739 

June 1963 ANL-6749 

July 1963 ANL-6764 

August 1963 ANL-6780 

September 1963 ANL-6784 

October 1963 ANL-6801 
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I. BOILING WATER REACTORS 

A. BORAX-V 

1. Operations 

After replacing the leaking fuel assembly C-3 by a spare superheater 
fuel assembly in central superheater core CSH-IB (see P rog re s s Report for 
October 1963, ANL-6801, p. 3), the reactor was prepared for resumption of 
power operation. 

A second heat-up of the system, using electr ic prehea ters , was per 
formed in an attempt to reproduce conditions which had caused a short-
period sc ram during the hot cr i t ical experiments with superheater drained. 
The postulated cause, flooding the superheater with condensate from the 
external s team lines, could not be verified. 

Element C-3 was shipped to Argonne, Illinois, for hot cell examina
tion. When the resul ts of the inspection (see Sect. I.A.3 below) were received, 
reactor operation was curtailed, pending inspection of the remaining super
heater fuel. The reactor vesse l head was removed, and six superheater fuel 
assemblies were t ransfer red to superheater fuel storage. Prepara t ions a re 
being made for underwater inspection of the bottom of the fuel plates in 
these assembl ies . Three special underwater periscopes with attached 
lights have been designed and built in an attempt to inspect the lower end 
of the superheater fuel plates visually. 

2. Modification and Maintenance 

As a resul t of the information derived fronn the hot cell examination 
of defective superheater fuel assembly C-3 (see Sect. LA.3 below), the bottom 
nozzles of the three spare superheater fuel assemblies a re being removed. 
All burned-through repair weld mater ia l is being removed to res to re the 
designed expansion capability of the 4-plate fuel elements relat ive to the in
sulating tube. The bottom nozzles will be replaced and the fuel assemblies 
straightened and leak-tested. 

3. Hot Cell Examination of Damaged Superheater Fuel Assembly C-3 

The central section of the damaged superheater fuel assembly C-3 
was cut out. This consists of five fuel subassemblies . The fuel subassem
blies, which consist of a brazed assembly of four fuel plates (the fuel-plate 
subassembly) surrounded by an insulating can, were separated. These cans 
were subsequently removed. In addition, a number of la tera l cuts were made 
through two of the fuel plate subassemblies . 



External damage in the form of bulged insulating cans, bowed ^"^^^ 
plate subassemblies , and a crack in the transit ion cone was observed, 
of the fuel-plate subassemblies were buckled, nearly blocking the passages 
for s team flow. In the other three, a number of individual fuel plates were 
bent and two appeared to be torn. In all of the fuel subassemblies, there 
was part ia l fusion of the lower ends of the two outer fuel plates to the su r 
rounding insulating can. In two subassemblies, at least 50 percen 
circumference of the insulating cans was firmly fused to the adjacent ue 
plates. In the other subassemblies there were a number of short fused 
a reas . In the two firmly fused subassemblies, all four fuel plates were 
buckled. In the subassemblies with short fused a reas , buckling occurred 
only in the individual fuel plate adjacent to the fused area. 

In the BORAX-V superheater fuel assembly, the lower end of each 
fuel plate subassembly is free to move with respect to its insulatmg can to 
allow for thermal expansion. In the case of superheater fuel a s s e m 
bly No. C-3 the observed fusion of the free ends of the fuel plates to the 
insulating can prevented this motion. It is believed that the differential 
thermal expansion and contraction during reactor operation was sufficient 
to cause the observed damage. For example, the bulges in the insulating 
cans could result from the stretching of the cans upon heating and subse
quent buckling of the cans upon cooling. 

Fusion of the fuel plates to the insulating cans probably occurred 
during repair welding (see Progress Report for September. ANL-6789. p. l) . 
During this repair operation it was intended to weld only the insulating cans 
to flow vanes between the adjacent cans. The weld burn-through res t ra ined 
the 4-plate fuel element from expanding as designed in both the t r ansve r se 
and longitudinal direction, thus causing severe fuel-plate distortion at the 
bottom and buckling of the element at the axial high neutron flux region. The 
fission product release was not caused by a design e r r o r or ma te r i a l se lec
tion, but by faulty repair and inspection procedures . A possibility that this 
fusion could have occurred during reactor operation is unlikely, since the 
fused area is not in the fueled part of the plate. 

4. Development of In-core Instrumentation 

A test report of furnace calibration of six h igh- tempera ture 
W/26% Re-sheathed thermocouples was received from a commerc ia l testing 
agency (see Progress Report for September 1963, ANL-6784, p. 4). These 
w/5% Re versus w/26% Re couples utilized hard-f i red, high-purity thoria 
insulators in 0.065-in.-OD sheaths. 

The test was conducted in two sections, with three samples being 
grouped for testing each t ime. Two cycles, to maximum tempera ture 
(5000°F, nominal), were made for each group of thermocouples, with 
15-20 min allowed for stabilization before each reading. The thermocouples 



were installed in a tantalum tube within the graphite heating element of the 
furnace and were blanketed with high-purity argon. The optical pyrometer 
system was calibrated by determination of molybdenum and platinum melt
ing points in the same furnace configuration as used for calibration of the 
thermocouples. 

Data a re shown graphically for the two test groups in Figures 1 
and 2. The second-cycle data in Figure 2 a re not consistent with those of 
Figure 1. The only explanation given by the test agency is that their furnace 
required shutdown and repair after running the first cycle on samples 30, 
31 and 32. It was postulated that the samples were somehow subjected to 
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d i f f e r e n t c o n d i t i o n s f o r t h e s e c o n d f u r n a c e c y c l e , a l t h o u g h t h e a x i a l t e m p e r 

a t u r e g r a d i e n t i n t h e r e g i o n n e a r t h e h o t j u n c t i o n s of t h e c o u p l e s i s o n l y 

a b o u t 2 0 ° F / i n . T h i s f a c t o r a l o n e d o e s n o t e x p l a i n t h e d i s c r e p a n c y . 

5 . D e v e l o p m e n t of A d v a n c e d S u p e r h e a t e r F u e l 

a . T y p e 4 0 6 S t a i n l e s s - c l a d S u p e r h e a t F u e l . T h e f u e l p l a t e s t o b e 

u s e d i n t w o c e n t r a l s u p e r h e a t f u e l e l e m e n t s ( s e e P r o g r e s s R e p o r t f o r 

J a n u a r y 1 9 6 3 , A N L - 6 6 8 3 , p . 5) h a v e b e e n n i c k e l p l a t e d f o r b r a z i n g t o t h e 

c l a d d i n g . T h e r m o c o u p l e p o c k e t s h a v e t o b e m a c h i n e d i n t o t h e e d g e s of t h e 

p l a t e s b e f o r e f u r t h e r a s s e m b l y . T h e c h o i c e of a l l o y t o b e u s e d f o r b r a z i n g 

t h e f o u r - p l a t e f u e l s u b a s s e m b U e s h a s n o t y e t b e e n m a d e . 



II. LIQUID-METAL-COOLED REACTORS 

A. General Fas t Reactor Physics 

1. ZPR-III 

The p rogram of prel iminary experiments with the physics core for 
the mock-up of RAPSODIE was completed. These included evaluation of 
the reactivity shutdown provided by all the safety rods, calibration of 
control rods, calibration of BFj and fission chamber count ra tes versus 
subcriticality for reactivity measurements , and nneasurements of dead 
tinne of the BF3 proportional counters for reactivity measurennents. The 
scaler s t r ips of the proportional counter channels provide the principal 
amount of dead t ime, amounting to about 6 to 8 jUsec. These dead t imes will 
be used to adjust the data taken in period measurements and power level 
determinations. 

A one-inch withdrawal of a central safety rod. which is a core 
drawer on the reactor axis, was found to decrease reactivity by about 
72 Ih. This is to be compared •with worths of 50 Ih for a core-loaded rod 
at the radial edge of the core and 17 Ih for a blanket-loaded rod at the core 
radial edge for the same withdrawal. On the basis of these values and the 
control rod cal ibrat ions, the total shutdown margin is est imated at about 
3100 Ih. or about 6%Ak/k. minus about 200 Ih excess used for operation. 

Measurements of fission rat ios at the core center are in p rog res s . 
The central core dra\wer in Half No. 1 of the reactor is constructed to ac 
commodate a sole Kirn-type fission chamber at the front. Count ra tes with 
this chamber are then established relative to the BF3 proportional counters 
and to a Kirn U^^' counter at the core axial edge. Kirn chambers contain
ing U " \ U"*, U"^. U " ^ U"*. P u " ' , and Pu^^° as the principal isotopes will 
all be run at the center. Additional measurements 'with thin-wall, gas-flow 
chambers will be made for the threshold fission isotopes. 

2. ZPR-VI 

Assembly No. 1. an a l l -meta l assembly with a U^^'/u^"'^ atom ratio 
of about 7. is being used to measure various reactor physics p a r a m e t e r s . 
Bunching experiments to determine the heterogeneity effect of the fuel 
plates are current ly in p rog re s s . 

The following fission rat ios have been obtained by means of minia
ture sol id-state detectors : 

u238/u235 ^ 0.0395 ± 0.0015; U " V u " ^ = 1.625 + 0.008. 



These resul ts correspond to the values of 0.036 and 1.51 found, respectively, 
for the same fission ratios obtained by gas-flow detectors in Assembly H 
of the ZPR-III facility, which is very much like Assembly 1 of ZPR-VI. 

A number of gap-worth measurements were made with Assembly . 
Measurements were made with air and stainless steel in the gap. Ihe 
resul ts are shown in Figure 3. A point to be noted is that at zero separa
tion and at zero reactivity change, which corresponds to the situation when 
the drawer faces of both halves are touching, there is still a separation of 
the fuel of the two halves due to the thickness of the stainless steel drawer 
ends. 

A ftlRGAP, flUT TABLE FACES SEPARATED 
BV STAINLESS STEEL SHIM 

a GAP FILLED WITH STAINLESS STEEL 

TABLE SEPARATION 

Fig. 3. The Reactivity Calibration Curve for the Gap for Assembly 1 of ZPR-VI 

It i s noted tha t wi th an a i r gap l e s s than 0.5 m m . the s lope of the 
r e a c t i v i t y c u r v e is subs t an t i a l l y l e s s than for an a i r gap g r e a t e r than 
0.5 m m . An a t t e m p t was m a d e to d e t e r m i n e w h e t h e r t h i s w a s due to a 
s l ight t i l t ing of the m a t r i x a s s e m b l y due to the n o n p a r a l l e l b e a r i n g f a c e s 
of the bed. A 0 . 8 0 - m m s h i m w a s i n s e r t e d b e t w e e n the t ab le f a c e s and the 
a i r gap w o r t h was r e m e a s u r e d . If the change in s lope is due to the t i l t 
ing of the m a t r i x c a u s e d by n o n p a r a l l e l b e a r i n g s u r f a c e s , it would be e x 
p e c t e d tha t the s lope would be t r a n s l a t e d to the r i g h t by the t h i c k n e s s of 
the s h i m (0.80 m m ) . The da t a do no t i nd i ca t e such an effect . 



A possible explanation of the change in slope of the reactivity table 
separation curve is that the surfaces of the reactor halves are not plane 
paral le l . A theoretical prediction for this effect has not yet beenperformed. 

It is noted that the react ivi ty-separat ion curve for the stainless 
steel-filled gap appears to be l inear for small gaps and has a different 
slope. The curves for the air gap and stainless steel-filled gap c ross be
tween 3.5 and 4.0 mm of gap width. There appears to be an erroneous 
data point in the stainless steel curve which resul ts in some uncertainty 
in the c rossover point. Examination of the data does not reveal the sus 
pect point; however, in general the charac te r i s t ics of the two gap-separat ion 
curves are well displayed. 

3. ZPR-IX 

The aluminum tube bundles sent out for coating have been returned. 
All have been stacked and precise ly aligned to form the complete matr ix 
assennbly. Each individual tube has been stamped with identifying numerals 
to denote its position in the matr ix . 

The coated matr ix drawers have been received from the vendor and 
have been stamped with identifying numerals corresponding to the position 
of the tube to which they 'will be assigned. 

The final checkout of the facility as a complete system, including 
the mechanical and electr ical components and nuclear instrumentation, is 
currently in p rog res s . 

B. General Fas t Reactor Fuel Development 

1. Metal Fuels 

a. P roper t i e s of U-Pu-Fz . The effects of the variables of heat 
t reatment and specimen position in the casting on the mechanical p roper 
ties measurements of U-Pu-Fz alloys have been studied. The top and 
bottom of the 40.5-cm (16-in.) long by 1-cm (0.4-in.) diameter injection 
casting were given a homogenizing heat t rea tment pr ior to tensile testing. 
At 655°C specimens from both the top and the bottom had about the same 
strength (6,000 psi), but the elongation of the top was 22.5% compared with 
31.3% for the bottom. 

The two specimens from the center of the casting were tested 
at room tempera tu re , one in the quenched condition and the other in a 
t ransformed state corresponding to a 20-hr anneal at 500°C. Both were 
extremely br i t t le , with elongations of l ess than 1%. The quenched speci
men had a strength of 84,000 psi whereas the t ransformed one broke out
side the gauge length at a much lower value. The t ransformed phase is so 
ViT-ittlp and notch sensitive that its true strength cannot be measured with 

nsi le- tes t ing technique. 



U-Pu and U-Pu-Fz alloys are being tested for compatibility 
with potential refractory cladding metals to help in the selection of a fuel 
and cladding material for a possible second generation core for EBR-H-
The fuel-cladding combinations that are being studied are U-10 w/o Pu 
and U-20 w/o Pu-10 w/o Fz with niobium, and U-10 w/o Pu-10 w/o Fz with 
niobium,Nb-1 w/o Zr . molybdenum, vanadium. V-10 w/o Ti. V-20 w/o Ti. 
Type 304 stainless steel, and Hastelloy-X. These combinations are being 
studied by annealing diffusion couples of the mater ia l s at 550. 600, and 
650°C for 7. 17. and 42 days. 

Prel iminary resul ts of compatibility of U- lOw/o P u - l O w / o Fz 
with Hastelloy-X at 600 and 650°C have been obtained. Owing to etching 
difficulties with U-Pu-Fz we have been unable as yet to bring out a s a t i s 
factory diffusion band on the fuel side of the couple. There a r e . however, 
indications that a wide band is present in the fuel of these couples. These 
bands in the fuel indicate that the majority of the penetration is into the 
fuel. We experienced the same difficulty in the Type 304 s tainless steel 
versus U-10 w/o Pu-10 w/o Fz . A comparison of the diffusion penetration 
of this fuel into Hastelloy-X and Type 304 stainless steel (see Table I) 
indicates that Type 304 stainless steel suffers only about one-half the 
penetration by the fuel that Hastelloy-X does. 

Table I. Penetration of U-10 w/o Pu-10 w/o Fz into 
Hastelloy-X and Type 304 Stainless Steel 

Penetrat ion (;U) 

17 days 42 days 
Temp 
(°C) Hastelloy-X 304 SS HasteUoy-X 304 SS 

600 10 7 18 10 
650 16 39 22 

2. Fuel Jacket Development 

a- Alloy Development. The Nb-10 w/o Ti mentioned in the Sep
tember P rog re s s Report (ANL-6784. p. 12) was heat t reated for 2 hr at 
850°C in vacuo and then cold rolled 50% to a thickness of 0.8 mm (0.031 in.). 
A Nb-1 5 w/o Ti-6 w/o V alloy which was previously hot worked was cold 
reduced approximately 50% to 1.6 mm (0.062 in.) and is now awaiting heat 
t reatment before final rolling. 

b- Duplex Tubing. The Type 304 stainless s teel-vanadium duplex 
tube mentioned in the October P r o g r e s s Report (ANL-6801. p. 12) was 
checked by ul t rasonics after ironing. Nonbonding was detected in approxi
mately 50% of the bond-contact a rea , presumably a direct resul t of the 



pr ior ironing operation. The duplex tube was annealed at 850°C for 2 hr 
in vacuunn and ultrasonically tested again. The nonbond area seemed to 
diminish slightly. The tube 'was then ironed and reduced to 0.919-cm 
(0.362-in.) O.D. x 0.792-cm (0.312-in.) I.D.. yielding a o / t ratio of 14.5; 
suitable for ductile core (copper) drawing to approximately 0.396-cm 
(0.156-in.) I.D. x 0.0381-cm (0.015-in.) wall. The ductile-core drawing is 
in p rocess . 

c. V-10 w/o Ti (TV-10) and V-20 w/o Ti (TV-20) Alloys. The 
1110°C extruded TV-10 and TV-20 mater ia l has been dejacketed by ma
chining. The rods showed severe longitudinal striations along the total 
extruded length in addition to the nonuniform diameter previously men
tioned in the October P rog re s s Report (ANL-6801. p. 12). The as-extruded 
hardness of the TV-10 alloy measured about 186 DPH (89 Rg); that of the 
TV-20 alloy was about 233 DPH (98 Rg). For comparison, hardness read
ings of Type 304 stainless steel extrudedat 1100°C measured 137-139 DPH 
(74 R B ) . 

Metallographic examination of the "as-extruded" material 
revealed a fine-grained structure essentially completely recrystal l ized. 
Heat t reatment of the "as-extruded" material showed gross grain growth 
accompanied by a minor decrease in hardness after one hour at 1200°C. 

No difficulties have been experienced in cold working either 
of these alloys. 

3. Corrosion of Fuel-cladding Materials 

A group of five niobium-base alloys in two conditions of heat t rea t 
ment has been tested in flowing (15 cm/sec) sodium for 150 hr at 650°C. 
Zirconium turnings in the sodium stream 'were used to getter oxygen dur
ing exposure of the samples. The oxygen content of the sodium'was 120ppm. 

The alloys tested and pre-exposure heat t reatments are listed in 
Table II. 

Table II. Compositions and Heat Treatments of 
Corrosion-tes t 

S t ress - re 

Specimens 

ilief 
Alloy* Temperature , °C** 

Nb-5 Mo 800 
Nb-10 Ti-5 Zr 600 
Nb-18 Ti-4 V 600 
Nb-3 Mo-9 Ti 600 
Nb-10 W-2.5 Zr 950 

Recr 
Temp 

y stallization 
era ture , °C** 

1100 
1100 
1050 
1100 
1250 

*Compositions given in weight percent. 
**Heat treated at indicated temperature in evacuated 

(IO"*" torr) capsules for Z hr. 
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Nb-
Nb-
Nb-
Nb-
Nb-
Nb-
Nb-
Nb-
Nb-
Nb 

5 Mo 
5 Mo 
10 Ti 
10 Ti 
18 Ti 
18 Ti 
3 Mo 

-3 Mo 
-10 W 
-10 W 

(SR)^ 
(RX) 
-5 Zr 
-5 Zr 
-4 V 
-4 V 
-9 Ti 
-9 Ti 

(SR) 
(RX) 

(SR) 

(SR) 
(RX) 

-2.5 Zr (SR) 
-2.5 Zr (RX) 

The weight and thickness change data are summarized in Table Ill-

Table III. Corrosion of Niobium-base Alloys 

in Flowing Sodium 

Rate of 
Weight Loss , 

Alloy** m g / c m V m o * 

55.6 
43.4 
17.1 
80.7 
50.6 
66.0 
72.8 
63.7 
13.1 
38.6 

•Cleaned of sodium with alcohol and 
water. Nonadherent oxide removed 
with soft brush. 

••Compositions given in weight percent. 

^(SR) - Stress Relieved; 
(RX) - Recrystallized. 

All samples showed varying degrees of intergranular attack. The 
most extreme example was that of the Nb-10 w/o W - 2 . 5 w / o Z r (RX) 
sample. The intergranular attack of the s t r e s s - re l i eved samples (which 
exhibited highly worked structures) occurred along the smeared-out grain 
boundaries. The recrystal l ized samples were attacked along the equiaxed 
grain boundaries. 

There is a very large difference in weight loss between s t r e s s -
relieved Nb-10 w/o Ti-5 w/o Zr and Nb-10 w/o W-2.5 w/o Zr alloys and 
recrystal l ized alloys of the same composition. F r o m metallographic 
evidence it is believed that the grain boundaries of the recrys ta l l ized 
samples were completely corroded away, resulting in the physical loss of 
complete grains . However, it should be noted that the effect of the r e c r y s -
tallizing heat t reatment is not uniformly severe for all alloys tested. 

Microhardness measurements taken across the t r ansverse sections 
of the samples showed varying profi les, ranging from a constant hardness 
increase in the case of the Nb-5 w/o Mo samples (similar to the behavior 
of this mater ia l in low-oxygen sodium) to very steep hardness gradients at 
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the s u r f a c e ( a p p r o x i m a t e l y 100-150jU th ick) for the N b - 1 0 w / o T i - 5 w / o Z r , 
N b - 1 8 w / o T i - 4 w / o V, and N b - 3 w / o M o - 9 w / o Ti s a m p l e s . The N b -
10 w / o W - 2 . 5 w / o Z r a l loy shewed a m u c h m o r e sha l low h a r d n e s s g r a d i e n t 
f rom edge to c e n t e r . T h e r e w e r e no d i s t i n c t d i f f e r ences b e t w e e n the 
h a r d n e s s p r o f i l e s of the s t r e s s - r e l i e v e d and r e c r y s t a l l i z e d s a m p l e s . 

An add i t iona l g roup of a l l oys h a s b e e n t e s t e d for 216 h r u n d e r the 
s a m e cond i t ions a s the p r e v i o u s g r o u p . A d e t a i l e d m e t a l l o g r a p h i c e x a m 
ina t ion i s in p r o g r e s s . The p r e l i m i n a r y we igh t change da ta a r e l i s t e d in 
Tab le IV. The r a t e s of we igh t l o s s of the v a n a d i u m - b a s e a l loys a r e l e s s 
by nnore than an o r d e r of magn i tude than t hose for n i o b i u m - b a s e m a t e r i a l s 
t e s t e d u n d e r the s a m e c o n d i t i o n s . 

Table IV. Corrosion of Vanadium-Titanium Alloys 
and of Niobium in Flowing Sodium 

Rate of 
Weight Loss , 

Alloy** m g / c m V m o * Alloy** 

V-10 Ti (SR)^ 3.23 V-20 Ti (RX) 
V-10 Ti (RX) 2.76 Nb (SR) 
V-20 Ti (SR) 3.33 Nb (RX) 

Rate of 
Weight Loss , 
mg, / c m / m o * 

3, 
4 1 , 
52, 

,72 
6 
8 

*Cleaned of sodium with alcohol and water . Nonadherent oxide 
removed with brush. 

**Compositions given in weight percent . 
^(SR) - Stress Relieved; (RX) - Recrystal l ized. 

4. N o n d e s t r u c t i v e T e s t s of F a s t R e a c t o r Tubing 

E l e c t r o m a g n e t i c t e s t s on tubing being u s e d o r p r o d u c e d for gen
e r a l f a s t r e a c t o r fuel d e v e l o p m e n t and the r e s u l t s of t h e s e t e s t s a r e 
s u m m a r i z e d in Tab le V. 

Table V. Electromagnetic Tests on Tubing for 
F a s t Reactor Development 

Material Dimensions Quantity (m) Results 

D-43* 6 .6-mm O.D. 
Hastelloy-X 7.14-mm O.D. x 0.38-mm wall 
Nb-1 w / o Z r 3.96-mm I.D. x 0.508-mm wall 
Nb-1 w / o Z r 3.96-mm I.D. x 0.381-mm wall 
Nb-1 w/o Zr 7.14-mm O.D. x 0.305-mm wall 
304 SS 4 .21-mm I.D. x 0.508-mm wall 
304 SS 4 .21-mm I.D. X 0.381-mm wall 

1.3 
10.98 
30.5 
20.3 

1.5 
34 

39 

No defects 
No defects 
10 defects 
7 defects 
1 defect 
Z defects 

No defects 

detected 
detected 
>10% 
^10% 

^10% 
detected 

*Nb-10 w/o W-1 w/o Zr -0 .1 w/o C 
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Radiographic tests on tubing for fast reactor development are l isted 
in Table VI. The inner surfaces of the last four tubes listed in Table VI 
contained a vapor-deposited tungsten layer of varying thickness. The de
fects found in these tubes were tungsten inclusions, deep striations and in 
some instances flaking of the tungsten coating. 

Table VI. Radiographic Tes ts on Tubing for F a s t Reac tor Development 

Mater ia l 

Hastelloy 

Hastelloy 

Z r - 2 

Z r - 2 

Z r - 2 

304 SS 

Dimensions 

Nb-1 w/o Zr 
(Heat No. 70302) 

Nb-1 w / o Zr 
(Heat No. 70086) 

Nb-1 w/o Zr 
(Heat No. 30305) 

Nb-1 w/o Zr 
(Heat No. 30018) 

Hastelloy 

Hastelloy 

3.96-mm I.D. x 0 .38-mm wall 

3.96-mm I.D. x 0.508-mm wall 

3 .96-mm I.D. x 0.508-mm wall 

3.96-mm I.D. x 0.508-mm wall 

7 .14-mm O.D. x 0 .38-mm wall 

4 .21-mm I.D. x 0.254-mm wall 

4 .21-mm I.D. x 0 .38-mm wall 

4 .21-mm I.D. x 0.508-mm wall 

5.59-mm O.D. x 0.508-mm wall 

6 .09-mm O.D. X 0.508-mm wall 

3 .96-mm O.D. x 0 .408-mm wall 

4 .21-mm I.D. x 0 .38-mm wall 

Quantity (m) 

20.31 

10.15 

10.15 

10.15 

10.98 

21.9 

Inclusion 'ClO^o in 
1 tube 

No defects 

No defects 

No defects 

No defects 

6.21 m defective; 
0 .091-mm to 0 .165-mm 
var ia t ion in th ickness of 
tungsten deposi t on 
inner wall 

Z.44 No defects ; 0 .147-mm to 
0 .172-mm var ia t ion in 
th ickness of tungsten 
deposi t on inner wall 

3.66 0.588 m defective; 
0 .124-mm to 0 .170-mm 
var ia t ion in th ickness 
of tungsten deposi t on 
inner wall 

0.91 Crack in 1 tube 

1.68 Low density inclusions 
in 2 tubes 

1.22 Numerous c r a c k s noted 

19.5 1.96 m defective; 
0 .099-mm to 0 .157-mm 
var ia t ion in th ickness 
of tungsten deposi t on 
inner wall 

The results of uUrasonic tests on tubing for reactor development 
are given in Table VII. 
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Table VII. Ultrasonic Tests on Tubing for Fast Reactor Development 

Material Dimensions Quantity Results 

304 SS-jacketed 
vanadium tubing 

Hastelloy-X tubing 

Zircaloy-2 duplex tubing 

Vanadium rods 
10 w/o Ti and V-20 w/o Ti 
Nb-5 w/o V-1.5 w/o Zr 
Nb-10 w/o W-2.5 w/o Zr 
Nb-33 w/o Ta-10 w/o W-1 w/o Zr 

1.04-cm O.D. X 0.85-cm I.D. 1 piece 

l.Z7-cm O.D. X 0.10-cm wall 

3.73-cm O.D. x 3.12-cm I.D. 

0.75-cm to 
1.09-cm O.D. 

1.27-cm O.D. 
1.40-cm O.D. 
1.40-cm O.D. 

C. EBR-I, Mark IV 

6 pieces 

2 pieces 

92 cm 

Incomplete and variable 
mechanical bond 

2 longitudinal O.D. seams 

Variable mechanical bond 
but comparable to an 
acceptable standard 

No transverse or longi
tudinal defects 

Longitudinal defect signals. 
Radiography revealed high-
density slivers (probably 
tungsten) 

1. Experiments 

Experiments were begun to determine the effect of the core tight
ening and clamping devices on the reactivity changes observed with differ
ent modes of operation. Initially, the tightening rods in the seven core 
subassemblies were loosened, and the reactivity loss after operating at 
high power and low inlet temperature was measured as 40 Ih. This loss 
was regained, ho'wever, at high inlet temperature . The cycle was repeated 
four t imes with consistent resul ts and was the same as the change ob
served when the tightening rods were fully tightened (high power, low and 
high inlet temperatures) . 

The seal plate shoes (six shoes around the full periphery of the 
outer subassemblies which limit bypass leakage) were loosened one turn. 
This decreased the flow through the core about 10%, due to increased by
pass . To comply with the restr ict ion on the maximum fuel rod tempera
ture , it was necessary to reduce power from 970 to 930 kW. The reactivity 
changes observed between operation at high and low inlet temperatures 
decreased to about 20 Ih, or one-half that observed before the seal plate 
shoes were loosened. This measurennent was consistent over five cycles 
after an initial reactivity loss of about 10 Ih. The seal plate shoes have 
now been retightened, and the reactivity changes will be observed to see 
if they return to the former magnitude. 

One suggested mechanism for the reactivity loss associated with 
loosening of the seal plate shoes is a slight separation of the fuel slugs in 
the jackets due to thermal differential expansion while at power. Physical 
and X-ray examination of three nonirradiated rods showed the slugs to be 
perfectly free to move in the jacket as the rods were turned. Pos t i r rad ia -
tion examination of prototype rods i r radiated in Mark III to about 0.1% 



14 

burnup showed no physical changes, such as surface roughening or bowmg, 
that would cause the slugs to hang up inside the jacket. The prototype rods 
were nearly the same alloy composition as the Mark IV rods, but were 
8 in. long compared with the four 2^ - in . slugs in Mark IV fuel rods. 

2. Breeding Gain Measurements 

Breeding gain measurements in EBR-I, Mark IV have been com
pleted. Pat terns of the Pu^^' fission were established throughout the core 
from measurements of the fission product activity generated in aluminum-
clad foils of metallic plutonium. In a s imilar manner, fission pat terns for 
U"^ and U"^ in the various blankets were established from measurements 
of the fission product activity induced in enriched and depleted uranium 
foils, respectively. Capture profiles for U^̂ ^ were based on observations 
of the 106-keV Np^^' photopeak with a Nal crystal gamma spect rometer . 
In each set of t raverse measurements (eight in all), the activity of each 
foil was measured relative to the activity of a monitor foil which, in turn, 
was irradiated simultaneously at a fixed reproducible monitoring location. 
To establish a reliable common base between the various runs, radio
chemical analyses were conducted on monitor foils which were i r radia ted 
simultaneously at their respective positions. 

The various profiles for fission and capture were integrated both 
radially and axially throughout the core and breeding blankets. Conversion 
of relative to absolute units through the radiochemical analyses resul ted 
in the fission-capture breakdown summarized in Table VIII. 

Table VIII. Summary of Fiss ions and Captures 
in EBR-I, Mark IV 

Isotopic 
Species Fiss ions x 10' '^ Captures x lO' '^ 

U"^ 0,1429 0.0362 

U"^ 0.206 1.492 

Pu^" 0.9146 0.0841 

Pu"° 0.0259 0.0055 

P " " ' 0.0054 0.0005 

Est imates of the fissions and captures in Pu"° and Pu^*' were ob
tained from the total number of fissions in the plutonium monitor foil 
(from radiochemical analyses) and effective c ross -sec t ion values es tab
lished by multigroup methods. Values for capture in U"^ and P u " ' were 
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est imated from the fission resul ts and from values established for a^s 
and a4, in the EBR-I core by Kafalas et al. ^ 

The breeding ratio is defined as 

Production of P u " ' and Pu^^' 
BR 

Destruction of U"^, P u " ' , and P u " ' ' 

Substitution of values from Table VIII into this equation resul ts in a breed
ing ratio of 1.27 f 0.08, where the precision l imits consider uncertainties 
inherent in the activity measurennents, fission and capture integrations, 
and the radiochemical analyses. 

The fast fission bonus, defined as the ratio of the number of fissions 
in fertile mater ia l to the number of absorptions in fissionable mater ia l , 
was evaluated from the information of Table VIII as 0.20 ± 0.02. 

D. EBR-II 

1. Reactor Plant 

a. Crit icali ty. Loading of the reactor for the approach to wet 
cri t ical was started on October 30, 1963, with the transfer of 17 enriched 
uranium subassemblies fronn the storage basket to the reactor grid. Sub
sequent loadings in increments of 6, 6, 6, 6, 5, 4, 3, and 3 enr icheduranium 
subassemblies v/ere made for a total of 70 subassemblies (including the 
12 control and 2 safety rods). The loading continued without major mal 
functions for 12 days. Crit icali ty was achieved on November 11, 1963, 
when the reactor was loaded with 184.3 kg of U^̂ ^ and was supercr i t ical 
by approximately 163 Ih (0.39% Ak/k). Subsequent measurements give the 
clean cr i t ical mass to be 181.2 kg U"^ at 600°F. 

The loading was then rea r ranged to reduce the source strength 
by a factor of 8 and to make the loading more symmetr ica l . The new 
source gave counts on the s tar t -up channels 1, 2, and 3 slightly in excess 
of 5 counts /sec with control and safety rods down. 

b. P re l iminary Po'wer Calibration. A pre l iminary calibration of 
the instruments was made by irradiat ing V^^^ foils at the blanket-core inter
face for a given length of time and at a given instrument reading level. 
These foils were analyzed radiochemically for total U"^ fission. By using 
the calculated fission rate distribution curves , it should be possible to 
es t imate the total integrated power of the reactor to within about 20%. The 
foil analysis was done both at Chicago and Idaho, and, at present , there is 
a discrepancy between the two resul t s by a factor of 0.7. The cause for 
this d isagreement is being investigated. A second foil calibration was 

I p . Kafalas _et̂  al . , Determination of the Ratio of Capture to Fiss ion Cross 
•actions in EBR-I, Nuclear Sci. andEng.,_2_, 657 (1957). 
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made at 460°F in order to determine whether there is any change m 
instrument response as a function of temperature . 

c. Control Rod Calibration. Two control rods. No, 7 on a corner 
and No. 2 on a Uat, were calibrated from 0 to 14 in. by period m e a s u r e 
ments. The total worth of each of the other rods was then measured by 
comparison with these. Intercomparisons were always made between rods 
across the core from each other. Table IX gives the individual worth of 
the 12 rods. 

Table IX, Control Rod Calibrations 

Rod No, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Worth (Ih) 

127 
158 
130 
158 
128 
157 
128 
156 
127 
161 
127 
157 

Total 1714 = 4,13% Ak 

The total worth of the rods in several banked positions was 
measured using subcritical count techniques. Table X shows the total worth 
obtained from these measurements . 

Table X. Total Worth of Control Rods 

Banked Rod Positi^ 

14 

11.5 

9 

7 

4 

0 

2 safe ;ty rods at 

on 

0 

(in.) 

in. 

Re activity (Ih) 

0 

-160 

-475 

-825 

-1315 

-1842 

-2365 

%Ak 

0.0 

0.39 

1.15 

1.98 

3.17 

4 .44 

5.70 
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d. Subassembly Replacements. The worth of an enriched uranium 
subassembly versus a natural uranium subassembly was measured at 
several core locations. Likewise, the 'worth of an enriched subassembly 
versus a depleted uranium subassembly was nneasured as a function of 
inner blanket location. All of the core measurements were subcrit ical , 
and the worths of inner blanket substitutions were determined by calibrated 
control rod changes. Table XI shows the resul ts of these measurements . 

Table XI, Worths of Subassemblies 

Element Posi 

1 
3 
4 
5 
5 
6 
6 
6 
6 

O 
B 
B 
D 
C 
F 
D 
D 
C 

0 
2 
2 
2 
2 
4 
1 
2 
2 

.tion 

Isothermal Temper ature 

W 

Coe 

orth (Ih) 

500 
417 
327 
238 
231 
145 
107 
141 
129 

fficient. The 

%Ak 

1.2 
1.0 
0.79 
0.57 
0.55 
0.35 
0.26 
0.34 
0.31 

isothern 
ture coefficient is being determined by measuring the change in reactivity 
for a given change in reactor tempera ture . It is planned to measure the 
reactivity at 600, 550, 500, and 460°F. A prel iminary measurement at ap
proximately 500°F indicates the temperature coefficient over this range 
to be 1.05 Ih/°F. 

f. Fuel Handling. In general , the performance of the fuel-
handling equipment during the 'wet cr i t ical experiments has been sa t i s 
factory. However, some difficulties have been experienced with the rotating 
plug seals and the Fuel Unloading Machine. 

With respect to the rotating plug seals , control of seal tem
pera tu res has become difficult, resulting in excessive time expenditure 
for tempera ture stabilization during the preparat ion for unres t r ic ted fuel 
handling. It should be noted that the existing control systems 'will be r e 
placed with improved equipment after the wet cr i t ical experiments have 
been completed. One seal trough thermiocouple was found to be defective, 
and it was replaced. The seal heater circui ts have been checked, and one 
has been found to be open. 

With respect to the Fuel Unloading Machine, an accumulation 
of sodium and sodium oxide in the sodium vapor trap and associated piping 
and the t ransfer port caused excessive p r e s s u r e drops in the recirculating 
argon system and excessive torque for rotation of the Fuel Unloading 
Machine port . The system was dismantled and cleaned. 
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2. Sodium Boiler Plant 

At the beginning of the month, the steam generator and the a s s o 
ciated secondary sodium piping systems were at ambient t empera tu re . The 
temperature of the sodium in the dump tank was approximately 600°F and 
the plugging temperature had been reduced to less than 300°F by cold trap 
operation. 

The temperature of the sodium in the storage tank was increased 
to 700°F. The plugging temperature remained below 300°F, indicating 
little or no further chemical reduction by the hot sodium of metal oxides 
presumably carr ied from the piping system into the tank during c i rcula t 
ing and dumping of the sodium. 

Following this high-temperature test, the sodium in the storage 
tank was cooled to 370°F for the next filling of the system. 

A sample of magnetic material recovered from the sintered stain
less steel filter which had been removed from the plugging indicator loop 
(see P rogres s Report for October 1963, ANL-6801, p. 16) was examined 
by chemical analysis and X-ray diffraction. Alpha-iron, iron oxides, and 
silica were found to be present. The silica was a minor constituent. The 
relative percentages of iron and iron oxides are not known, nor can it be 
said that the material recovered from the filter is necessar i ly r epresen ta 
tive of the bulk of the material in the system. 

After cleaning, the filter was reinstalled in the plugging-indicator 
loop. However, during subsequent operation of the sodium system, con
tinuing difficulties were encountered in the operation of the plugging valve 
and the flow-control valve. Apparently, a considerable amount of pa r t i c 
ulate mater ia l entered the plugging loop while the filter was rennoved. 
The behavior of these valves became so e r ra t ic that it was necessa ry to 
remove them. The plugging valve was replaced with a spare . Since no 
spare control valve was available, the plugging loop has been operated 
without a control valve. 

During the week of November 11, the secondary sodium system was 
heated to approximately 360°F and fiUed. The system was then heated to near 
operating temperature for the first Ume. The s team drum p r e s s u r e was 
1260 psig and the sodium temperature was 570°F. 

The plugging temperature rose rapidly during this heat-up. When 
it reached 500°F, the sodium was dumped. The system was then cooled to 
350°F while the sodium in the storage tank was heated to 600°F. 
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The cold t rap 'was operated with difficulty because of e r ra t ic and 
occasionally high differential p re s su re across the crysta l l izer tank. Never
theless , it was possible to reduce the plugging temperature of the sodium 
in the tank below 300°F, 

The system was filled again and heated to operating temperature . 
Once more , the plugging temperature increased rapidly, reaching 520°F 
about 48 hr after the sodium temperature reached 570°F. Since the tem
pera tures of some drain lines were less than 520°F, the sodium was 
dumped to the storage tank to avoid plugging of lines with oxide. 

It has been impossible to operate the cold trap at a rate greater 
than about 1 gpm for clean-up of the dumped sodium because of high 
p re s su re drop across the crysta l l izer tank. 

It is believed that the cold trap contains approximately two-thirds 
of its theoretical capacity of sodium oxide, and an unknown quantity of 
iron and iron oxide. Therefore, it may have reached the end of its useful 
life. Work is underway to replace the cold t rap with a spare , and also to 
install the cold t rap previously used in the temporary pr imary purification 
system. The lat ter cold t rap will be installed in the storage tank mixing 
line. Plans also call for installation of a magnetic separator in this same 
line to t rap par t ic les of magnetic iron oxide or reduced iron. 

During the first system heat-up described above, attennpted opera
tion of the pump at 6000 gpm, the rated maximum capacity, was unsuccess
ful. The pump was shut down at 5000 gpm by the interlock which protects 
against loss of surge tank level. It was found that turbulence in the surge 
tank affects the behavior of the uppermost level indicator (with the 
associated surge tank level interlock for pump protection). 

Inasmuch as the turbulence does not seem to affect the hydraulic 
behavior of the system, it is planned to move the interlock to a lower 
level indicator. 

During the second heat-up of the secondary system, the interlock 
was bypassed and the pump was brought to full power at a system tem
perature of 460°F. The pump behaved well during this short test , deliver
ing rated flow of 6000 gpm. 

After the system tempera ture reached 570°F, a second test run 
was made and again the pump delivered full rated flow. It was planned to 
run the pump for 8 hr to determine thermal equilibrium conditions in the 
pump and its motor -genera tor set. However, approximately 45 min after 
the s tar t of the test , the circuit breaker for the motor -genera tor tripped 
out. Since the motor was drawing only rated current , the protective r e 
laying in the switchgear is suspect. Work is in p rog res s to cor rec t the 
=, i t , l o t i o n . 
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During the month, 8 samples of argon blanket gas from the sec-
ondary storage tank were analyzed for apparent hydrogen concentration by 
gas chromatography. The concentrations ranged between 130 ppm (by 
volume) and 2500 ppm. The average of the 8 values is 750, No continuing 
trend toward increasing concentrations was observed over the month. It 
must be borne in mind that these samples may contain some helium which 
the gas chromatograph cannot distinguish from hydrogen (see P r o g r e s s 
Report for October 1963, ANL-6801, p. 17). 

Eight corresponding samples of blanket gas were taken from the 
surge tank. Analysis of one sample was invalid because of air contamina
tion. The average of the remaining 7 reported values is 250 ppm (by vol
ume) for a range between 140 and 640 ppm. 

3. Power Plant 

During November, activities in the Power Plant were directed 
largely toward support of operations in the Sodium Boiler Plant. 

Early in the month the steam generator was in wet lay-up, com
pletely filled with water chemically treated for corrosion inhibition. On 
November 11, circulating of water through the steam generator was 
started, preparatory to heat-up and filling of the secondary sodium sys 
tem. During start-up of the Power Plant sys tems, the motor-dr iven 
feedwater pump was started to recirculate water through the pump and 
the deaerator (Heater No. 2), thereby accelerating heat-up. After a few 
minutes of operation, the oil temperature of the outboard thrust bearing 
was observed to be excessive. The pump was shut down and the cause of 
the high temperature of the bearing oil was investigated. 

A manually operated valve in the p ressu re balance line between 
the pump and the deaerator was found to be closed. This condition had 
caused overloading of the thrust bearings, with resultant damage to both 
the inboard and outboard bearings. During the examination and repair of 
the damaged bearings, it was observed that axial movement of the pump 
rotor was less than the desirable "floating" t ravel , indicating possible 
internal damage to the pump. The pump manufacturer was contacted, and 
arrangements were made for a field representat ive to supervise the in
spection and repair of the pump. 

Disassembly and inspection of the pump disclosed minor internal 
damage. The balancing device was found to be slightly damaged; repair 
was accomplished in the field. The impeller and casing wear rings in 
one pump stage were found to be scored, A new casing wear ring was 
procured from the pump manufacturer. The impeller was repai red at the 
factory. Field repair was completed, and the pump was returned to opera
tive condition before the end of the month. 



21 

The valve in the p r e s s u r e balance line had been closed during a 
previous shutdown of the motor-dr iven feedwater pump and had been over
looked during preparat ions for the s tar t -up in which damage was sustained 
as reported above. To prevent a recurrence of this incident, the valve 
has been locked in the open position. 

The steam generator was heated from ambient temperature lay-up 
condition to 350°F by circulation and heating of boiler water. The evapora
tors and superheaters were maintained in flooded condition. Fur the r 
heat-up from 350°F to 570°F during circulating of sodium in the secondary 
system was accomplished with the steam generator isolated by closing of 
the stop valves in the feedwater and blowdown lines. Steam-drum level 
was maintained by intermittent addition of feedwater to replace losses . 
A water level was established slightly above the centerline of the steam 
drum by draining boiler water . The superheaters and steam main were 
drained. 

Hydrazine and morpholine t reatment was maintained in the c i rcu
lating boiler water . P r i o r to isolation of the steam generator and establish
ment of level in the steam drum, chemical feed ra tes were increased to 
provide ample t rea tment during static heat-up of the steam generator . 

During the last week of the month, the steam generator was cooled 
to 350°F and then flooded. Boiler water was circulated by the s tar t -up 
feedwater pump for completion of the cool-down to ambient. The steam 
generator was put into 'wet lay-up on November 27, The water is t reated 
with morpholine, hydrazine, and sodium sulfite. 

4. Fuel Cycle Facil i ty 

Despite low purification catalyst activity, it has been possible to 
maintain the purity of the Argon Cell atmosphere at a very high level 
for a period of two weeks, impuri t ies being only about 5 ppm oxygen and 
2 ppm water vapor. Inleakage effects were eliminated by holding the cell 
p r e s su re slightly above atmospheric . This indicates the absence of major 
in-cell sources of oxygen and water vapor. A leak test at subatmospheric 
p r e s su re indicated a rate of air admission of 0.005 scfm, in accord with 
ear l ie r measu remen t s . Instrumentation appears to be operable. 

Gears to double the lifting speed (and reduce potential s t r e s s due 
to torque produced by the drive motor) will be installed on one of the 
Argon Cell crane t rol leys for test purposes . 

The Air Cell crane trolley has been repai red and replaced. 
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A study of the sheared, slotted, cylindrical spring pms (see P r o g 
r e s s Reports for August and September 1963, ANL-6780, p. 17, and 
ANL-6784, p. 21) from Air CeU and Argon CeU operating manipulators 
has been made. These pms connect the driven half of a jaw clutch to the 
shaft of the bridge drive gear train on Air Cell and Argon Cell operating 
manipulators. The cause of the failure of these pins has been attributed 
to metal fatigue. The slotted cylindrical spring pins which are rated at 
7700 lb in double shear have been temporarily replaced with solid alloy 
steel pins (Driv-Lok*) which are rated at 14,000 lb in double shear and 
are less subject to flexing under load than the slotted cylindrical spring 
pins. 

Calculations of temperature profUes through the glass slabs in the 
60-in.-thick shielding windows of the Argon Cell have been previously 
reported (see P rogres s Report for July 1963, ANL-6764, p. 19). Tem
perature gradients occur within a glass window as a resul t of the ab
sorption of the gamma energy to which the window is e.xposed under plant 
operating conditions. Additional calculations have been made to show the 
effect on the temperature profile of the installed glass cover plates (see 
P rogres s Report for August 1963, ANL-6780, p. 16), The l /4 - in . - th ick 
glass cover plates serve to protect the innermost (A) slabs of the shield
ing windows of the Argon Cell against mechanical s t r e s s which might lead 
to an internal electrical discharge in the slab (see P r o g r e s s Reports for 
May and June 1963, ANL-6739, p. 45, and ANL-6749, p, 14). The follow
ing conditions during cell operations were assumed for the calculations: 
a gamma radiation intensity of 3,5 x 10^ r ad /h r , a cell ambient tempera ture 
of 100°F, an outer annulus temperature of 75°F, and a s teady-state t em
perature of 147°F (owing to gamma absorption) for the steel shielding 
window shutters which were open for 8 hr and closed for 16 hr . The 
calculated temperature profiles show that with the steel shielding windo'w 
shutter open, the maximum temperature at equilibrium (215°F) of the 
glass shielding window should occur at about 2 in. from the cell side 
('within the A slab) instead of the 4y in. (maximum tempera ture of 175°F) 
determined for shielding windows without glass cover pla tes . 

Performance tests have been car r ied out on the bat tery that p r o 
vides the power for the motor-blower assembly which rec i rcu la tes the 
cooling gas in the Argonne-fabricated interbuilding coffin (see P r o g r e s s 
Report for October 1963, ANL-6801, p. 24). The resul t s of these tes t s 
show that, when the battery is fully charged, it can drive the motor-blower 
assembly to provide sufficient cooling capacity for the coffin for 8 hr . 

The fuel-rod-breaking device for the decanner operates with a 
flying breaker bar. This has been found to produce a small chip of 
uranium-fissium alloy most of the time during the breaking of the rod 

*A product of Driv-Lok, Sycamore, Ill inois. 
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into short sections. It is diffucult to assure that the chips will be caught 
by the melt-refining-furnace charging tray and that they will flow out of 
the t ray in the presence of clean sodium. It has not been possible thus 
far to break the rod without chip fornnation except by a true shearing 
operation. 

There are pre l iminary indications that the high purity of the cell 
atmosphere may have introduced problems of sodium bonding of scrap 
and fuel to the decanner components. Investigations of the phenomenon 
have started. 

The latest injection-cast melt produced 90 full-length castings from 
91 molds charged. The gaging station was removed from the pin-processing 
machine and realigned. This corrected the feeding difficulties previously 
reported in this station. The data system for the pin-processing machine 
was recal ibra ted to indicate fuel-pin weight and length. The second fuel-
rod welder was made operational and was successfully tested. The e lec
tr ical insulation broke down in both welder feed-throughs during the tes ts . 
The feed-throughs have been repaired and reinstalled. Considerable e lec
tr ical noise 'was induced into the bond-and-level inspection-machine 
t ransducer signals. This 'was corrected by isolation of the t ransducer 
signal leads in one of the spare feed-throughs. 

Two melt-refining runs were made to blend fissium alloy for 
injection casting operat ions. Pouring yields of 96.2 and 96,9% were ob
tained. Two additional runs were made to compare pouring yields with 
broken rods , with and without about 3% of uranium chips produced in the 
fuel-breaking operation. The yields in these two runs did not appear to 
differ significantly, being in the range of 93-94%. 

Welding of re s t ra iners to empty fuel pm jackets was car r ied out in 
the Argon Cell. Both discharge welders were employed, and both appear 
to function satisfactorily when using all five "A" magazines available at 
the present t ime. 

An injection casting run was made in which the casting p re s su re 
was reduced in an effort to reduce the number of hollow castings. No 
hoUo'w castings were obtained, but the yield of pins grea ter than 15 in. 
long was only 50%. 

Wiring and piping of the machine for the remote assennbly of fuel 
elements is in p rog res s at the Argonne, Illinois site. Magnesium oxide-
insulated, copper-sheathed e lect r ical cable is being used for radiation 
res i s tance . The bushings are being made from magnesium aluminum 
silicate (Lava), Dial indicators will be used to position the electr ical 
gaging elements about the rotational center of the machine. Optical 
alignment methods will be used in the final inspection of the machine. 
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5. P rocess Development 

a. Melt Refining of Uranium-Plutonium-Fissium Fuels . P r e p a r a 
tions are being made to investigate the recovery of discharged uran ium-
plutonium-fissium fuels by an alternative melt-refining process performed 
beneath a molten salt layer. Advantages of this process found m smaU-
scale experiments are higher yields and lowered operating t empera tu res . 
It is anticipated that the ra re earth elements will be preferentially oxidized 
into the salt phase without significant oxidation and extraction of the plu
tonium. Pre l iminary experiments with uranium and various salt composi
tions, in order to determine a salt composition which would give minimum 
salt vaporization during a run and good salt-metal separation at the end of 
a run, were performed in a beryllia crucible contained in an argon-
atmosphere induction-heated furnace. Melt refining consisted of holding 
the charge at 1150°C for one hour. 

The most satisfactory salt flux thus far tested was 75 m / o ba r 
ium chloride-25 m/o calcium chloride to which was added magnesium 
chloride in 10 percent excess of that which would have been required as a 
r a re earth oxidant. Complete separation of this salt from a uranium ingot 
has been obtained in a two-pour operation in which the uranium was f irs t 
solidified and the molten salt poured off at about 975°C. The uranium was 
subsequently poured at 1300°C. Under the standard melt-refining condi
tions, volatilization of the salt was negligible. Work with plutonium alloys 
has been started. 

b. Skull Reclamation P roces s . Work was continued on the devel
opment of the skull reclamation process for recovery and purification of 
fissionable material in melt-refining crucible residues (skull mater ia l ) . 
In the latest run performed in the large-scale (2.5 kg of skull oxide) 
integrated equipment (see P rogres s Reports for April and July 1963, 
ANL-6717, p. 25; ANL-6764, p. 21), the process was modified to allow a 
single stationary transfer tube to be used. A stationary t ransfer line is 
very desirable for this equipment, since it is to be operated remotely. 
The modified process consists of (1) suspending oxidized skull mate r ia l 
in a molten halide salt contained in a pr imary vessel and selectively 
extracting the relatively noble fission product elements into zinc, which 
is discarded, (2) reducing the uranium oxides and dissolving the uranium 
in a magnesium-zinc solution, (3) two precipitations of uranium out of 
magnesium-zinc solutions, first as U2Zn23 (approximate composition), and 
then as uranium metal, with the supernatant magnesium-zinc solutions 
being discarded after each precipitation, (4) removal of the halide salt 
after the final magnesium-zinc supernatant is discarded instead of p r ior 
to the two precipitation steps, as in preceding runs, and (5) t ransfer of the 
uranium product (dissolved in a magnesium-zinc solution) to a second 
vessel and the retorting to yield a uranium metal product. In this run 

89 percent of the zinc solution was t ransfer red following the first step, 
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77 percent of the zinc-magnesium supernatant 'was t ransfer red following 
the f irs t precipitation, a total of 81 percent of the zinc-magnesium super
natant from the second precipitation was t ransferred, and only 60 percent 
of the halide flux was t ransfe r red pr ior to dissolution of the uranium in 
magnesium-zinc solution. An excessive amount of flux (15 percent of the 
original flux) was t rans fe r red to the retorting vessel with the dissolved 
uranium. It is expected that this problem can be readily solved, and 
further work with the modified equipment is planned. 

In the skull reclamation p rocess , a problem is created by the 
vaporization of salts (especially zinc chloride) used as process media and 
the deposition of these salt vapors throughout the furnace. For vapor con
trol , a procedure was investigated in which all vapors from a mixture of 
calcium chloride, magnesium chloride, and zinc chloride heated to 800°C 
were passed through a bed of metal filings. Four experiments were pe r 
formed, one each with uranium, calcium, magnesium, and iron beds. Zinc 
chloride fumes were completely removed in the experiments with uranium, 
calcium, and magnesium. 

An eddy current induction probe for the remote determination 
of liquid metal levels is being tested in cadmium. (A similar probe is 
being evaluated in a cadmium still , as is described in this report in 
Sect. III.E. I.d.) The probe consists of p r imary and secondary nichrome 
coils on a ceramic core . High-frequency current is supplied to the p r i 
mary. The output of the secondary is affected by the presence of external 
conductors such as a surrounding liquid metal phase. As presently con
structed, the probe provides a l inear change in output signal of about 
1 mV/in. of cadmium. The effect of temperature on the output voltage of 
the secondary coil is 0.00047 mV/°C/in. of coil. 

A silicon carbide crucible and a Type 410 stainless steel 
crucible which were p lasma-sprayed with tungsten are being evaluated 
for the noble metal extraction and reduction steps of the EBR-II skull 
reclamation p roces s . The crucibles , which are relatively large (of 
10'i--in. O.D.), have each been subjected to a se r ies of eight thermocycles 
in an argon a tmosphere . The tempera tures were alternated between room 
temperature and 900°C and between 300 and 900°C. At the conclusion of 
the tempera ture cycling, both coatings were intact and apparently undam
aged. In additional t e s t s , the crucibles are being contacted with molten 
z inc-magnes ium-uranium and halide salt systems to determine their 
corrosion res is tance to the skull reclamation process solvents. 

Two thixotropically cast , high-density crucibles (manufactured 
by Coors Porcela in Co.) have been tested as follows: 
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(1) A 3-^-in,-O.D, by 3 | - in . -h igh beryUia crucible having a 
ft-m. waU was contacted with zmc-magnesium at 700 to 800°C f o r 2 1 h r . 

(2) An alumina crucible of the same dimensions was con-
tacted first with a zinc-halide salt system at 800°C for 8 hr and then with 
a magnesium-halide salt system at 800°C for 4 hr . This tes t was repeated, 
using the same crucible. 

Slight wetting of the beryllia crucible occurred near the a i r -
liquid metal interface, and several long hairline cracks formed above the 
melt level. The alumina crucible was not undercut or wetted in the f irs t 
test , but hairline cracks formed in the base and extended up the walls of 
the crucible. In the second test, slight penetration by the molten salt oc
curred. Crucibles of lower density, which are currently being prepared , 
are expected to be less subject to thermal shock than high-density 
crucibles. 

c. Removal of Nitrogen from Argon, The removal of nitrogen 
from argon by gettering the nitrogen on hot (900°C) titanium sponge is 
under study. This study was undertaken because of the possible future 
need to remove nitrogen from the argon atmosphere of the Argon Cell m 
the EBR-II Fuel Cycle Facility, Construction of a 10-cfm pilot plant for 
obtaining information on component reliability is essentially complete, 

d. Sodium Coolant Chemistry. The triton activation method was 
studied for the determination of 10 to 100 ppm oxygen in sodium metal . 
In this technique, the sodium is alloyed with a small amount of lithium, 
and then Li^ (n, a)t and O"' ( t ,n )F" reactions are induced by means of 
thermal neutrons. The fluorine-18 activity is then separated and counted, 
A standardization procedure for the irradiation has been established. 

Work to develop a method for the analysis of carbon in sodium 
and to produce sodium of low carbon content has continued. A dry oxida
tion method, in which the carbon is oxidized to carbon dioxide with oxygen 
at 1100°C in a combustion train and the carbon dioxide produced is m e a s 
ured nnanometrically, is under development. A linear relationship has been 
demonstrated between the quantity of carbon found in sodium samples from 
a single source and the sample weights. Analytical resul ts indicate that 
this sodium contained about 76 ppnn of carbon. Sodium from the same 
source which had been gettered with zirconium for 10 hr at 550°C had a 
carbon content of 25 ppm. 

6. Training 

The wet crit ical operations (see Sect, D.l above) afforded excellent 
opportunity for gaining experience in fuel handling, approaches to cr i t ica l , 
measurement of reactor periods, determination of cr i t ical posit ions, banking 
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of control rods, small changes of power level, and shutdowns. Thirteen 
persons on the operating group are now qualified as Reactor Operators 
for wet cr i t ical operations in accordance with ANL procedures . Six 
additional reactor plant special is ts who had met all the requirements for 
wet cr i t ical qualification, except actual nuclear operation, have acquired 
this operating experience. 

Part icipation of reactor operator t ra inees during wet cri t ical has 
been broadened to include several e lect r ical , coolant, and steann special
is ts . A training log is maintained in the Control Room to record the 
individual Reactor Opera tor ' s experience. 

A revised systenns training format for new technicians has been 
prepared as a guide for supervisors in conducting training on a shift 
bas is . One hundred four lesson plans outline the topics, scope, and ex
perience required in preparat ion for qualification as reactor , e lectr ical , 
coolant, s team, or power plant opera tors . 

E. FARET 

1. Design 

The pre l iminary schedule as given in the Title I report (now being 
reviewed by the AEC) indicates s tar t of excavation in July, 1964, and s tar t 
of building substructures in March, 1965, Construction is scheduled for 
completion in February , 1967, 

Bechtel has s tar ted the definitive design. An alternative building 
arrangement and a definitive design of the reactor vessel have been sub
mitted for Laboratory review. Bechtel is presently reviewing the a l terna
tive design for cost, fabricability, and compatibility with existing design 
cr i ter ia , 

Bechtel is also reviewing the engineering and construction schedule 
presented in the Title I repor t , which was prepared by the PERT cri t ical 
path technique. Man-power leveling studies of the Bechtel design schedule 
are in p rog re s s . 

The following key design problems are under consideration at the 
Laboratory: 

(a) Review of the design concept of the argon process gas systems, 
especially in regard to purification, s torage, and changing from gas to air 
in the cell, and vice versa . Consideration has been given to liquification, 
gas displacement, and vacuum sys tems. 



(b) Review of viewing and lighting considerations associated with 
the ceU. The use of remote viewing devices, such as television or p e r i 
scopes, to supplement direct viewing through shielding windows is being 
studied. The type, size, and locaUon of the windows are being defmed. 

(c) Study of cell and vault communications within these a reas and 
between these a reas and the res t of the plant. It is considered highly 
desirable that continuous communications be maintained between personnel 
within and without the cell. Communications are complicated by the use of 
breathing equipment for personnel who enter the cell when the atmosphere 
is argon, 

A very simple working model of the cell has been completed 
and is in use. It will be used to ass is t Laboratory personnel to resolve 
design difficulties, such as viewing considerations, space allocation, and 
interrelationships between the movement of in-cell equipment. 

2. Safety Analysis 

The first draft of the Prel iminary Safety Report, which is to be 
submitted to the Commission early in 1964, has been prepared . 

3. In-core Instrumentation 

a, In-vessel Connectors, An in-vessel connector tes t r ig, con
sisting of a flanged stainless steel container, approximately 6 in. high and 
3 in, in diameter, from which leads can be brought out through the flanges, 
was made leak tight. One sample high-temperature connector assembly 
was installed inside the test rig. In order to check out the initial opera
tion of the rig and to minimize the possible problems, sodium was not 
added to the system. The system was, however, filled with argon and 
slowly heated. Measurements of the connector e lectr ical proper t ies were 
made at temperatures up to 500°C, At 400''C, the insulation res is tance 
between any one terminal and the connector shell s tar ted to decrease very 
rapidly. This decrease continued after the system was brought up to 
500°C. The test was discontinued when a stable insulation res is tance had 
been reached. At this point, the insulation resis tance had dropped from 
greater than 10^ megohms to less than 100 ohms. 

After cooling to room tempera ture , the rig was disassembled, 
and the connector and vessel inspected, A black powdery substance r e 
sembling powdered graphite was found on the outer portions of the con
nector body and inner surfaces of the test rig. The connector was 
disassembled and found to contain a considerable amount of this black 
carbon-like substance. The source of this substance was a coating on the 
metal interfacial seal gasket which evidently carbonized at roughly 400°C, 
This seal gasket had been supplied by the connector manufacturer for 
operation at temperatures above 650°C. 
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A s e c o n d s a m p l e c o n n e c t o r a s s e m b l y , which is of a l l - w e l d e d 
c o n s t r u c t i o n and e l i m i n a t e s th i s g a s k e t , i s be ing m a d e . T e s t s wi th th i s 
a s s e m b l y wi l l dup l i ca t e t h o s e wi th the f i r s t a s s e m b l y . 

b . F u e l P i n T h e r m o c o u p l e s . When r e f r a c t o r y o x i d e - i n s u l a t e d 
t h e r m o c o u p l e s a r e u s e d to m e a s u r e t e m p e r a t u r e s in the r a n g e f r o m 1000 
to 2800°C, a p h e n o m e n o n known a s the " d i s t r i b u t e d Seebeck b a t t e r y " 2 
m u s t be c o n s i d e r e d (see Monthly P r o g r e s s R e p o r t for June 1963, 
A N L - 6 7 4 9 , p . 23). T h e s e d i s t r i b u t e d vo l tage s o u r c e s coupled wi th a l eaky 
cab le u s u a l l y i n t r o d u c e e r r o r s in the m e a s u r e m e n t . 

T h e s e s o - c a l l e d "hot zone" e r r o r s can be d e t e r m i n e d when the 
t h e r m o c o u p l e i s t r e a t e d a s a dc t r a n s m i s s i o n l ine having a g e n e r a t o r (hot 
junct ion) wi th s o m e i n t e r n a l r e s i s t a n c e a s a s o u r c e , d i s t r i b u t e d s e r i e s 

and shunt ing c o m p o n e n t s of r e s i s t 
ance along i t s length , d i s t r i b u t e d 
vo l tage s o u r c e s (Seebeck b a t t e r i e s ) 
along i ts length , and an infinite i m 
pedance load a c r o s s the r e c e i v i n g 
end a t nul l b a l a n c e . F i g u r e 4 sho'ws 
an e l e m e n t a r y equ iva len t c i r c u i t of 
th i s t r a n s m i s s i o n l i ne . The d i f fe r 
en t i a l equa t ions for th i s c i r c u i t can 
be shown to be 
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In t h e s e e q u a t i o n s , v i s t h e v o l t a g e a t a n y p o i n t a l o n g t h e l i n e , R ( x ) t h e 

w i r e r e s i s t a n c e p e r u n i t l e n g t h of l i n e , S (x ) t h e i n s u l a t i o n r e s i s t a n c e of 

u n i t l e n g t h of l i n e , a n d v g ( x ) t h e d i s t r i b u t e d v o l t a g e s o u r c e a l o n g t h e l i n e . 

^ H i g h T e m p e r a t u r e T h e r m o m e t r y S e m i n a r , T I D - 7 5 8 6 , P a r t I , O c t o b e r 1 

a n d 2 , 1 9 5 9 , p p . 5 3 - 6 8 , O a k R i d g e N a t i o n a l L a b o r a t o r y . 
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Yz 

Equation (3) can now be reduced to two f i r s t -o r der equations. Let 

• i i (4) 
dx 

and 

Yi = V, 

F r o m Eqs, (3), (4), and (5) we obtain 

dyi 

(5) 

(6) 

and 

dyz _ dR(x) 1 ^ R(x) 
dx dx R(x) ^^ S(x) 

[yi - vg(x)] = i,. (7) 

Equations (6) and (7) have been programmed for numerical solution on a 
digital computer by the Kutta-Merson Method.3 The quantities R(x), S(x), 
and vg(x), determined by the temperature distribution along the line, and 
the physical propert ies and dimensions of the thermocouple ma te r i a l s , 
can be of any form. The only complication of this analysis is that it 
resul ts in a two-point boundary value problem. The initial (hot junction) 
value of the voltage (v) is given and the final value of the slope dv/dx 
must be made zero. Because of the two-point boundary values, an i t e ra 
tion process must be used to find the final value of the voltage and, hence, 
the indicated temperature . This resul ts in a computation time longer than 
normal. 

Several types of thermocouples and tempera ture distributions 
are being studied. The resul ts of these studies will be reported in sub
sequent monthly progress repor ts . 

4. Reactor Vessel 

The reference reactor vessel design^ consists of a h igh-pressure 
cylinder, thermal baffles, an inner vessel , an outer vesse l , and a support 
skirt . The inner vessel contains the bottom support s t ructure for support 
of the h igh-pressure cylinder, the core support cylinder, and the core 
assembl ies . Coolant is directed between the h igh-pressure cylinder and 

3N, L . Fox, Numerical Solutions of Ordinary and Par t i a l Differential 
Equations, Pergamon P r e s s (1962) p. 24, 

4 F A R E T Title I Design Report, Bechtel Corporation. 
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the inner vessel into the coolant plenum chambers . The high-pressure 
coolant imposes an undesirable upward hydraulic force upon the core 
support cylinder. The design of the reference assembly provides several 
bolted par t s which were rather inaccessible to hold down and to align the 
support cylinder. Replacement of the core support cylinder when changing 
from one reactor core type to another could be difficult under these 
conditions. 

In an effort to simplify the design and to eliminate the bolts, an 
alternative reactor vessel arrangement was made as shown in Figure 5. 
The core support cylinder is self contained so that hydraulic forces are 
completely balanced internally, and bolting is not required. A double-
walled reactor vessel contains the core support cylinders. There is only 
one flange connection to be made which is in the coolant inlet line and is 
readily accessible from the top of the vessel . 

ftl [tl 

MAX. SODIUM 
OPERATING LEVEL 

BOLTED FLANGE — 
COUPLING 

14"INLET 
(SHOWN OUT OF POSITION) 

aORATED GRAPHITE 
BLOCKS 

FINISH FLOOR 
EL. lOO ' -O" 

TYPICAL FUEL ELEMENT 

REACTOR VESSEL 

REACTOR SUPPORT 
SKIRT 

Figure 5. FARET Reactor Vessel Arrangement 
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Sodium enters the reactor vessel through a 14-in. pipe and is 
directed downward through two 10-in, pipes. These pipes or downcomers 
are connected to a toroidal-shaped chamber at the grid plate elevation 
from which sodiunn is distributed to a low- or h igh-pressure plenum of 
the core grid s tructure. Sodium flow through the low-pressure plenum, 
core, and upper outlet plenum is similar to that in previous sys tems . Flow 
is then directed through the core subassemblies or to the low-pressure 
plenum and reflector assemblies . 

Although a reactor vessel of somewhat la rger diameter (11 ft vs . 
8 ft) is required, this increase in diameter may also be an advantage. 
For example, it may be adequate to compensate for sodium volume ex
pansion and contraction due to temperature , thus suggesting the possible 
elimination of the surge tank. Finally, heaters may be accommodated 
more readily in the space between the inner and outer vesse l . The effect 
of the change is being studied by Bechtel Corporation, 
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III. GENERAL REACTOR TECHNOLOGY 

A. Applied Nuclear Physics 

1. High-conversion Critical Experiment 

The experimental program with the very heavily loaded water -
moderated and reflected assembl ies fueled with 3% enriched UO2 is 
continuing. The assembly under investigation is uniformly loaded and 
has a 1.127-cm-pitch tr iangular grid. The assembly did not reach 
crit icali ty because of limited fuel supply. The reactivity, however, can 
be raised by increasing the modera tor content of the core. As men
tioned in the P r o g r e s s Report for October 1963, ANL-6801, p. 39, this 
can be done by removing one pin from each group of the 16, 12, 9, or 
6 lattice cells throughout the core , thus increasing reactivity through
out the fuel zone. Another method is to increase the reactivity only in 
the per iphery of the core, thus retaining the densely loaded central 
region for experimental measurements . 

Data taken with a pattern of fifteen aluminum-clad fuel elements 
loaded per sixteen grid openings a re given below. The atom ratio of hydrogen to 
U was 1.31. The fuel boundary was rectangular ra ther than cylindrical 
because of the limited size of the grid plate. The clean cr i t ical loading 
was 4937 ± 2.6 kg U^^ .̂ The rectangular dimensions required for c r i t i 
cality were 75.1 x 77.1 cm. Bucklings for the rectangular core were 
10.7, 10.4, and 4.8 cm"^ x 10* (axial direction) for a total of 25.9 cm"^ x 10*. 
Reflector savings were 20.8, 20.3, and 21.8 cm (axial direction). The es t i 
mated radial reflector saving (10.8 cm) for this atom ratio loaded in a 
cylindrical geometry coupled with the measured cr i t ical buckling values 
for the rectangular core leads to an est imated cr i t ical radius of 41.5 cm. 

Micro-paramete r measurements a re now being done in a densely 
loaded central fuel zone of stainless steel clad fuel (H:U^'^ atom ratio 0.99). 
The central zone of 10-cm radius is surrounded by an 18-cm-thick annular 
zone of aluminum-clad fuel. An 8-cm-thick per ipheral region in which fuel 
density is halved (alternate rows left vacant) provides sufficient reactivity 
for cr i t ical i ty. Uncorrected capture cadmium ratio measurements for U 
were about 1.1 in the central zone. 

Study indicates that application of a standard correct ion factor 
(FQ(J) for t ransmiss ion of epicadmium- and subcadmium-cutoff energy 
neutrons by a cadmium cover may lead to significant e r r o r in cadmium 
ratio correct ions for gold and indium activations. The correct ion for cap
ture in U^̂ * has not been obtained as yet. The cadmium ratio CdR(x,t), 
cor rec ted for epicadmium absorption and subcadmium t ransmiss ion by 
the cadmium, for a foil of thickness x covered by cadmium of thickness 
t, is given by 
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CdR(x,t) = ^ 7 ^ C d R ' , 

where CdR' is the observed, uncorrected cadmium ratio. CdR(x,t) is the 
cadmium ratio that would be observed for an ideal filter which changes 
sharply from black to t ransparent at the cutoff energy EQ|^(t) as calculated 
for a l / v foil. 

Initial values obtained for the factor F(x,t) differ appreciably from 
the factor FQ^ sometimes used for this purpose. Fur ther experimental 
work is needed, part icularly in the case of gold, and also to verify the de
pendence of FQCJ on indium foil thickness. The possible effect of the misuse 
of FQ(J on the reported values of the resonance integrals for gold and indium 
should be investigated. 

The evaluation of prescript ions to be applied to activation m e a s u r e 
ments for the densely loaded cores was undertaken because of doubt of 
their applicability in the hardened neutron-energy distributions encountered. 

2. The Angular Distribution of Thermal Neutrons in JUGGERNAUT 

Gold foils and gold spheres were activated in the South Test Cave 
of JUGGERNAUT in different geometries in order to measure the influence 
of the angular neutron distribution on self-shielding and to investigate the 
possibility of measuring the angular distribution of thermal neutrons by 
an activation experiment. 

Gold foils, 1 cm^ in area , and gold spheres , of 1-cm diameter , 
were activated in the center of cubic aluminum boxes inserted into the 
graphite of a thermal column. The boxes were lined on five sides with 
cadmium; the open side faced towards the reactor core. Cubes of the 
following dimensions and composition were used: 

Composition 
Cube 
No. 

1 

2 

3 

4 

Size' -Edge Length 
(cm) 

20 

20 

10 

5 

interior void 

interior graphite filled 

interior graphite filled 

interior graphite filled 

Calculations of the angular distribution were based on data from the void 
box and by making a scaler flux plot with small gold foils in the graphi te-
filled boxes. 
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For the self-shielding measurement s , foils of different thicknesses 
were activated, some facing the open side and others with their edge toward 
the open side. The measured self-shielding factor agreed with calculated 
values within the order of 1%. For the case of the 20-cm void box and the 
5-cm graphite-fil led box, an attempt was made to calculate the angular dis
tribution from the self-shielding data. The resul t s showed that a crude 
evaluation is possible, but that quantitative resul ts depend upon extremely 
accurate self-shielding measurement s . 

The activation of the spheres was measured by a region-wise 
scanning technique which was done by placing a lead shield with a small 
colUmating hole between the counter and the sample, and rotating the sphere 
into different posit ions. This method, too, yielded an essentially qualitative 
result for the angular distribution, 

3. AFSR 

Rossi-alpha was measured by means of two high-sensitivity He' 
neutron detectors . The resul t s agreed, within experimental e r r o r , with 
ea r l i e r measurements made with conventional BF3 proportional counters. 

Since the core was recanned ea r l i e r this year , an increase in in
dicated air flow has been noted. This was due to a l a rger annulus surround
ing the core pieces , which were slightly reduced in size after recanning. 
To verify that the indicated coolant flow represented an actual increase 
rather than a change in instrument calibration or in the bypass of air 
around the core, equilibrium core tempera ture measurements were made 
at 500 and 1000 W. 

Tempera ture ("C) 

Power 
(w) 

500 

1000 

Flow 
(indicated, 

cfm) 

81 

80 

Air In 

22.2 

24,5 

Air Out 

36.0 

51,6 

Inner 
Blanket 

27.0 

34.0 

Outer 
Blanket 

24.2 

29.0 

Core 

67 

110 

P r io r to recanning the core , it had not been possible to run at 1000 W for 
extended periods without exceeding the core tempera ture sc ram point of 
125°C. 

B, Theoretical Nuclear Physics 

1. EBWR Core Designs 

In previous repor ts (Monthly P r o g r e s s Reports for September 
1961, ANL-6433; and July 1962, ANL-6597), the feasibility of designing a 
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core for the EBWR to use depleted (0.2-0.4% enrichment) and slightly 
enriched (2.3-3% enriched) fuel elements was shown. 

Using the Cycle 2 code, the reactivity versus burnup cha rac te r i s 
tics of a core having an EBWR lattice (HjO/uOz - 2.82) and a core having 
a more closely packed lattice (similar to that used in the Yankee reactor ; 
HjO/uOj - 1.29) were calculated. In both core designs the ratio of de
pleted to enriched fuel elements was approximately 1 to 3. There were 
assumed to be no steam voids in the cores . Three-group cross sections, 
with Crowther-Weil prescription to allow for the high resonance capture 
in Pu^*°, were used. The data obtained are shown in Tables XII and XIII. 

Table XII. EBWR Lattice Core Design (HjO/uO^ = 2.82) 

keff 

Average burnup i n 

enriched elements. 
Mwd/tonne 

*el l 

Average Burnup. Mwd/tonne 
in enriched elements 

in depleted elements 

Init ial ly 

0.9%8 

0 
0 

In i t ia l l y 

1.0943 

0 

1 St Per iod 

1.1023 

1,700 

TableZm. Compact Core tattice Design IH2O/LJO2 = 

Ist 3nd 

1.0339 1.M27 

2.075 3.751I 
678 1.500 

Periods 

3rd 4tti 

1.0420 1.0365 

5.390 7.033 
2.437 3.476 

2nd Per iod 

1.0974 

3,330 

1.291 

5th 6th 

1.0286 1.0191 

8.700 10.400 

4.603 5.819 

End Per iod 

1.0943 

4,030 

7th 8th 

1.0087 0.9979 

12.146 13,930 

7.125 8,512 

Note: Each period is roughly equivalent to 2500- Mwd/tonne (metric tonnel burnup in central enriched (2.77»l element. 

According to these calculations the kgff of the EBWR core lattice, 
when operating with no steam voids, will retain a kgff value equal to or 
greater than its initial value for a burnup of about 4000 Mwd/tonne. 

In the more closely packed pressurized reactor type of core, the 
average burnup of the enriched (2.7%) fuel elements is seen (Table XIII) 
to reach approximately 14,000 Mwd/tonne before kgff reaches its initial 
value. During this period a burnup of -8500 Mwd/tonne is obtained in 
the depleted elements. 

It is apparent that the EBWR lattice core design wiU yield a burn-
up greater than 4000 Mwd/tonne, but the initial reactivity (kgff) will be 
lower than shown in Table XU, if the reactor were operated with steam 
voids. 
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2. ZPR-VII Analysis 

A repor t on the foil-activation program is being prepared. The re
port descr ibes For t ran programs used to calculate quantities involved in 
foil activations. 

Reactivities calculated for the Hi-C 1.24-cm square lattices using 
either aluminum or s tainless steel clad and the Hi-C 1.27-cm triangular 
lattice with aluminum clad are found to be about 4 to 5% higher than the 
experimental data suggested. These calculations a re based on THERMOS 
pa ramete r s for the thermal group and GAM-I pa ramete r s for the fast 
groups. The possible sources of the disagreement have been studied, 
and it is concluded that most of the discrepancy must lie in the GAM-I 
c ross -sec t ion l ibrary. 

3. Tungsten Cross Sections 

N p " ' / U"5 
To date Of /a ra t ios , effective tungsten capture cross section, 

prompt-neutron l ifetimes, and central boron worths have been computed for 
three initial ZPR-IX assembl ies employing, in turn, tungsten cross-sect ion 
sets Nos. 30, 35, 37, 40, and 43. The search for experimentally measurable 
paramete rs which would be sensitive to the differences in five tungsten 
c ross -sec t ion sets was continued. A measurable (~5-15%) difference for 
some indices between the old set No. 30^ and the other four more recent 
sets can be demonstrated. The calculations are now being extended to 
tungsten-reflected assembl ies , and spectral indices are being calculated 
in the asymptotic reflector flux. 

4. Worth of Boron and Boron Mixtures 

A systematic effort is being conducted to evaluate theoretically the 
enhancement of boron worth by the proximity of other spectrum-lowering 
mater ia l s (carbon, aluminum, iron, and, especially, hydrogen). Results 
to date a re quite promising in the sense that large increases in reactivity 
worth for boron mixtures with moderating mater ia l s have been predicted. 

5. Prompt-neut ron Lifetime and Effective Delayed-neutron Fraction 

A comparison of Pgff / i p by diffusion theory and DSN transport 
methods of solutions have been ca r r i ed out for ZPR-III fast assemblies 
No. 12 and No. 23 to determine whether or not the two methods of solution 
would give sufficiently different resul ts so as to contribute in part to the 
presently generally observed discrepancy between calculated and experi 
mental values. No substantial difference was found, however, by the two 
different methods of calculation. 

5c . Cohn et al . , Basic Material Resulting from ANL Rocket Study, 
ANL-6656 (May 1963). 
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C. Reactor Fuels Development 

1. Corrosion Studies 

a. Ferrous Alloys in Superheated Steam. Corrosion testing has 
indicated that Type 406 stainless steel has satisfactory res is tance to 
superheated steam at 650''C and 42 kg/mm^ (30 ppm O2). It appears that 
the 4% aluminum contained in this alloy is largely responsible for its cor 
rosion res is tance , as shown by the poor res is tance of s imilar alloys with
out aluminum. Type 406 stainless steel is not as satisfactory from the 
fabrication viewpoint, however, for it is very difficult to weld and grain 
growth is very pronounced during high-temperature brazing. 

Amounts of aluminum, varying from 1 to 5 w/o , were added to 
Type 304 stainless steel in the small arc melting furnace and samples of 
Incoloy 800 containing aluminum additions were obtained from the Inter
national Nickel Company. 

Data for one-week exposure to steam at 650°C and 42 kg/cm 
(30 ppm O2) are now available for the aluminum-modified 304. As little as 
2 w/o of aluminum improved the film retention, but about 4 w/o was r e 
quired to reduce the weight change to very small proport ions. 

b. Zirconium Alloys for Superheated Steam, Comparison is con
tinuing of the corrosion behavior of a s -cas t samples of res is tant zirconium 
alloys with that of hot-rolled samples of the same alloys. In 42.4-kg/cm 
steam at 540 and 650°C all but one of the a s - cas t mate r ia l s were more 
susceptible to blister attack than the hot-rolled specimens. The exception 
was Zr -Ni -Fe , which at 540°C developed few bl is ters and gained the least 
weight of all samples. After the first 100 days this mate r ia l had gained 
4.2 mg/cm^, which is comparable with the 100-day gains of the most r e 
sistant zirconium alloys. The relatively poor performance of the other 
a s - cas t samples may be associated with blister formation. These resul ts 
are consistent with the view that specimen micros t ruc ture as well as gross 
composition influences the corrosion behavior significantly. However, a l 
though efforts to optimize and stabilize micros t ruc ture may resu l t in im
proved alloys for use at 540°C, present interest is in performance at higher 
t empera tures , where alloy modification to control oxygen diffusion appears 
to be of pr imary importance. 

Comparison of oxygen-absorption behavior with the corrosion 
weight gains of these mater ia ls in 650''C steam suggests that oxygen-
diffusion rate and corrosion rate may not be directly related. Amount of 
oxygen absorbed did correlate with depth of surface hardening and perhaps 
with occurrence of surface blemishes. 
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Long-term exposure of Zr -4 a/o Ni and Zr-4 a/o Cu (as cast) 
to steam at 540°C and 42.4 kg/cm^ has continued. After 300 days the Zr-Cu 
samples continue to gain weight at a decreasing and relatively low rate . 
Total weight gained averaged 5.6 mg/cm^. Two of three Zr-Ni samples 
displayed an increased rate of weight gain after 200 days. 

A sample of ANL-11 zirconium brazing alloy (Zr-8 w/o Ni-
8 w/o Cr: M.P. 950°C) was tested in 42.4-kg/cm^, deoxygenated steam at 
540°C, a higher tempera ture than heretofore used with this mater ia l . The 
as -cas t sample before test contained numerous cracks , which may not 
normally be present in thin brazed junctions. The mater ia l developed 
surface b l i s ters and disintegrated between 50- and 100-day observations. 
Another sample was bl is teredbut still intact after 49 days at 650°C. 

c. Light Alloy Suitable for Use with Mercury at Elevated Tempera-
tures . The study of inhibition of l iquid-metal corrosion was continued with 
the t i tanium-mercury system. A thermal convection loop, made of 
1.27-cm (0.5-in.) I.D. quartz tubing, was used. Pure nickel, in an amount 
calculated to give a concentration of about 700 ppm, was inserted in a cold 
branch of the loop. The location was chosen to limit the concentration of 
dissolved nickel to the solubility at the temperature of the coldest point in 
the system and to insure a continuous supply of inhibitor. 

The loop was operated with a maximum temperature of 454°C 
in the hot leg and 320°C (coldest point) in the cold leg for a period of 
90 days. The average flow rate was about 5.3 cm/sec (10.5 ft/min). 

Visual examination of the exposed titanium samples indicated 
that no corrosion had occurred, Metallographic examination of a hot-leg 
sample showed the formation of a uniform protective layer, 8 ^ thick. A 
weight gain of 1.86 mg/cm^ was recorded. The small weight gain 
(0,42 mg/cm^) and even surface on a cold-leg sample implied little or no 
corrosion at 353°C (average cold leg temperature) . Spectrochemical anal
ysis revealed that there was very little nickel deposition on the cold-leg 
sample. However, nickel concentration on the surface of the hot-leg sample 
was heavy. This observation will be checked by X-ray examination. 

The phenomenon of thermal mass transfer to the hot leg is new 
and unexpected. Relatively little study has been made of the mechanisms 
of the inhibiting p rocess . On the basis of the limited information accumu
lated, it may be that the thermal mass t ransfer observed here consisted 
of the dissolution of the soluble inhibitor t ransfer by diffusion and convec
tion through the system to the surface of the solid, and subsequent inter-
diffusion. The tempera tures at which the phenomenon occurs may be quite 
cr i t ical . 
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2. Ceramic Fuels 

a. Irradiations of Uranium Sulfide. Six specimens of 
6.42-mm (0.253-in.) diameter, pressed and sintered US pellets clad with 
0.30-mm (0.012-in.) Nb-1 w/o Zr alloy, with a 0.05-mm (0.002-in.) hel i
um annulus, have been examined after irradiation in the MTR reactor . 
Pellets of both 80 and 90% density were irradiated with half the specimens 
having an axial hole of 2.0-mm (0.080-in.) diameter through the entire 
length of the fuel section. Prel iminary data were reported in the P rogres s 
Report for May 1963, ANL-6739, p. 32. 

Isotopic burnup analyses indicated burnups ranged from 2.94 
to 8.21 X 10^° f iss /cc (11,100 to 31,100 MWd/MT). Calculated cladding 
surface temperatures ranged from 400 to 790°C. The irradiation data 
based on the isotopic analyses are summarized in Table XIV. 

TableSEZ, Irradiation ot Uranium Sultide 

Spec, 
No. 

S-1 

S-3 

S-2 

S-4 

S-5 

S-6 

Density, 

% Theory 

90 

90 

90 

90 

80 

80 

Configuration 

Solid 

Cored 

Solid 

Cored 

Solid 

Cored 

MWd/MT 

11,000 

14,000 

22,000 

31.000 

22.000 

23,000 

Burnup 

Fiss/cc Ix l O ' ^ ' l 

2.9 

3,8 

5.8 

8.2 

5.3 

5.4 

Clad 
Temp. 

°C 

560 

400 

640 

790 

590 

540 

Cladding Surface 
Heat Flux. 

W/cm2 

250 

170 

290 

360 

260 

230 

Max Dia 

Increase, cm 

0.0025 

0.0025 

0.0025 

0.0051 

0.0204 

0.0051 

Vol Increase, 

0,17 

0.38 

0.26 

0.47 

1.0 

0.22 

Gas Release. 
% Theory 

0,05 

0,03 

0.11 

0.21 

20.0 

1.20 

Fission-gas release from the 90%-density pellets was a maxi
mum of 0.21%. One 80%-density specimen released 1.20% and the other 
20.0%. The difference in gas release is attributed to basically closed 
porosity in the denser pellets and essentially interconnecting open poros
ity in the less dense pellets. The 20% release from the one specimen, 
S-5, is attributed to an as yet unexplainable temperature transient. This 
same specimen had a small circumferential bulge at the top of the fuel 
section. 

Metallographic examination of the 90%-density specimens 
showed no significant changes from unirradiated samples. A Widman-
statten structure of very fine needles was present in both. These needles 
tended to disappear toward the center of specimen S-4, which achieved the 
highest temperature. The needles were only faintly present in a few grains 
of the finer-grained 80%-density pellets which were originally sintered at 
1700°C. The 90%-density pellets were liquid-phase sintered at 1925°C; the 
80%-density pellets were not. The composition of the needles is presently 
unknown. 

Sections through the overheated specimen, S-5, showed exces
sive amounts of a second phase that has been identified as UOS. The center 
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of the specimen contained an i r regular ly shaped core of a coarser porosity 
that was devoid of the UOS phase. The core was about 35% of the pellet di
ameter . The equiaxed grain size in this region was 0.08 mm, which may be 
compared with 0,05 mm for the r e s t of the specimen and the unirradiated 
mater ia l . 

A longitudinal section through the bulge in this specimen showed 
that the bulge was immediately adjacent to a central cavity. The cavity was 
surrounded by an a rea of high porosity, some columnar grains of US, and 
massive a reas of UOS. The porous a rea is believed to connect with the 
porous center core found in lower regions of the fuel. A tantalum spring 
at the top of the fuel, used to keep the pellets from separating, was half 
gone; the remaining half showed evidence of reaction with the sulfide. P a r 
ticles believed to be melted tantalum were also found in a reas of UOS at the 
base of the cavity and the per iphery of the pellet. 

A temperature t ransient is the suggested cause of the center 
core and the melting at the top. The lack of significant grain growth or 
sintering in a reas adjacent to the core is the pr imary evidence for this 
belief. The immediate cause of melting and formation of the cavity at the 
top would be the inability of the helium gas space to dissipate the heat gen
erated during the t ransient . The top fuel pellet was in immediate contact 
with the gas space. Since considerable fission gas was released, the t ran
sient did not occur early in the irradiat ion period. Specimen S-6, irradiated 
under almost identical conditions of heat generation and cladding tempera
ture in the same reactor position, showed none of the adverse conditions 
found in S-5. The only difference was the 2 .0-mm-diameter axial hole in 
S-6. 

b. Prepara t ion of Uranium Monosulfide, Preparat ion of uranium 
monosulfide on a 100- to 300-g scale is continuing. Hydrided-dehydrided 
uranium powder is t reated with hydrogen sulfide, and the sulfide product 
is homogenized by heating to about 1900°C. Examination of the results of 
nine runs performed at sulfur- to-uranium atom ratios of 0.95 to 1.04 shows 
that the lattice pa ramete r at sulfur-to-uranium ratios of 0̂ .99 to 1,02 r e 
mained constant at the theoret ical value of 5.489 to 5.490 A. At ratios 
above and below these values, the lattice pa ramete r s decreased. 

c. Prepara t ion of Uranium Monocarbide, An additional 400-g batch 
of uranium carbide has been prepared by adding activated charcoal to ura
nium dissolved in zinc-14 to 18 w/o magnesium at 800°C and st irr ing at 
350 to 400 rpm for 8 hr . In this run, the oxygen content of the uranium 
monocarbide was reduced to 0.20 w/o . The main effort is being directed 
toward the preparat ion of products having carbon contents near the theo
re t ical content of 4.80 w/o , low oxygen contents, and small particle size, 
so that grinding pr ior to press ing and sintering will not be necessary. 
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d. Preparat ion of Plutonium Carbides. Studies a re being performed 
to investigate various chemical procedures for the preparat ion of plutonium 
carbide. A laboratory-scale experiment was conducted in which MgzCs was 
reacted with PuCljfor 0.5 hr in a 35 m / o lithium chloride-65 m / o magnesium 
chloride salt system at 650 to 675°C. The volatile components (mainly lithium 
chloride and magnesium chloride) were then distilled at 870°C and 0.03 torr in 
a period of about one hour. X-ray diffraction analysis of the residue showed 
the product to be pr imari ly PU2C3, with minor amounts of PuOCl present as 
an impurity. 

3. Particulate Metal Fuel Elements 

a. Vibratory Compaction. Since the last reporting period, 20 ex
periments on the compaction of binary shot mixtures were car r ied out with 
both spherical and irregularly shaped shot. Graphical representat ion of the 
results showed that the packing of spheres within a matr ix of spheres fol
lows a mathematical relationship which is very s imilar to the packing of 
spheres within a tube. Although the resul ts must be analyzed further, it 
appears that the packing fraction may be expressed in te rms of the follow
ing general equation: 

Pf = A - Be -^ ( ° /^ ' ) - Ce-^^'^'/'^^' - Ee-^^"^^"^^ 

where Pf is the total packing fraction, A the limiting packed density, B, C, 
and E constants dependent upon particle shape, k, (•, and m constants 
whose dependency is yet unknown, D the diameter of the container, dj the 
diameter of the coarse fraction, d2 the diameter of the medium fraction, 
and d3 the diameter of the fine fraction. Work is continuing on the study 
of ternary sphere mixtures and binary systems of i r regular shaped 
part ic les . 

Prel iminary sodium-bonding experiments have been run on the 
sodium-bonding of metal shot. EBR-II-sized Vycor molds were loaded 
with shot. Metallic sodium was placed on top of the shot. The tubes were 
then evacuated to less than ZO id. The sodium was melted and then p r e s 
surized with one atmosphere of helium. Twenty-three-cm-long, 0.368-cm-
diameter columns of 125-^ grit bonded full length. Seventy-five-micron 
grit columns of similar size bonded for a length of 20 cm. Grit less than 
44^ also bonded over approximately 20 cm of the 23-cm column. Addi
tional work is in progress to determine the cor rec t pa ramete r s for bonding 
the finer grit. The effectiveness of the bond was determined by sectioning 
and metallographic study of the bonded specimens. 

4. The Thorium-Uranium-Plutonium System 

Thorium-plutonium alloys with uranium additions a re potential high-
temperature nuclear fuels for fast breeder r eac to r s . The alpha-phase 
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b o u n d a r i e s shown in F i g u r e 6 a r e the r e s u l t of m e t a l l o g r a p h i c o b s e r v a 
t i ons and l a t t i c e - p a r a m e t e r m e a s u r e m e n t s , and ind ica te the l i m i t s below 
w h i c h no l iquid p h a s e o c c u r s a t 700 and 900°C. Some of t he se t h o r i u m -
b a s e a l l oys m a y a c t u a l l y be a + ^ o r /3-phase a l l oys a t the high t e m p e r a 
t u r e . R o o m - t e m p e r a t u r e m e t a l l o g r a p h y of fe rs no ind ica t ion in that 
r e s p e c t , s i n c e the b e t a p h a s e is not r e t a i n e d a t r o o m t e m p e r a t u r e upon 
quench ing . On the o t h e r hand , l a t t i c e - p a r a m e t e r m e a s u r e m e n t s ind ica te 
tha t the be t a p h a s e p e r h a p s does o c c u r in th i s t e m p e r a t u r e r a n g e . How
e v e r , m o r e w o r k is r e q u i r e d to c o r r o b o r a t e the e v i d e n c e . 

O TWO PHASE AT T O C C 

O ONE PHASE AT 7 0 0 " C 

X X-RAY DATA 

ATOMIC PERCENT PLUTONIUM 

Figure 6. Thorium-Uraniiim-Plutoniura Alloys, a s= a-I-L Solidus 

I n v e s t i g a t i o n s of the effect of hea t t r e a t m e n t on the l a t t i ce spacing 
of h i g h - p u r i t y c r y s t a l - b a r t h o r i u m r e v e a l an i n c r e a s e in the l a t t i ce s p a c 
ing wi th t i m e and t e m p e r a t u r e of hea t t r e a t m e n t ( see Tab le XV). The ob
s e r v e d c h a n g e s a r e not l ike ly to be c a u s e d by c o n t a m i n a t i o n dur ing hea t 
t r e a t m e n t , s i nce the hea t t r e a t m e n t w a s m a d e wi th bulk m a t e r i a l that was 
p r o t e c t e d by a t a n t a l u m - f o i l w r a p p e r and s e a l e d u n d e r vacuum in Vycor 

T a b l e XV. L a t t i c e Spac ings of C r y s t a l - b a r T h o r i u m 
(B794) be fo re and a f te r Heat T r e a t m e n t 

Hea t T r e a t m e n t 

L a t t i c e P a r a m e t e r 
ao, A at 25 °C 

5.0840 
5.0842 
5.0848 
5.0855 
5.0857 

Temp 
(°c) 

As Re 

700 
700 
900 
900 

Time 
(hrs) 

ceived 
2 
2 
2 
2 

Cooling 

F u r n a c e Cooled 
Oil Quenched 
F u r n a c e Cooled 
Oil Quenched 
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t u b e s . Needle s p e c i m e n s w e r e p r e p a r e d by g r ind ing a f t e r the hea t t r e a t 
m e n t . The s p e c i m e n s w e r e s t r e s s r e l i e v e d u n d e r the s a m e p r o t e c t i v e c o n 
d i t i ons . The l owes t va lue of a,Q, 5.0840 A, i s in e x c e l l e n t a g r e e m e n t w i th , 
but s l igh t ly l o w e r than , the b e s t l i t e r a t u r e v a l u e s . The s l i gh t ly l o w e r 
va lue of th i s i nves t i ga t i on r e f l e c t s the h i g h e r p u r i t y of ou r m a t e r i a l . I t s 
t h e o r e t i c a l dens i ty is 11.728 g / c m ' . 

The c r y s t a l - b a r t h o r i u m which we have u s e d in t h e s e e x p e r i m e n t s 
was a n a l y z e d by our C h e m i s t r y Div i s ion and the a n a l y t i c a l r e s u l t s a r e 
shown in Tab le XVI. 

Tab le XVI. A n a l y s i s of C r y s t a l - b a r T h o r i u m 
(B794) (Data in ppm) 

Che m i c a l 
A n a l y s i s 

H 
C 
N 
O 
Si 

2 
7 
5 

45 
10 

Sp e c t r o c h e m i c a l 
A n a l y s i s * * 

Al 
B 

Fe 
Hf 
Ti 
Y 

Z r 

7 
High* 
30 
Lo^v* 

0,5 
2 

10 

*Data for B and Hf a r e s u s p e c t and a r e being 
checked by o t h e r m e t h o d s . 

**A11 o t h e r e l e m e n t s below l i m i t s of s p e c t r o 
c h e m i c a l de t ec t i on . 

L i m i t s of S p e c t r o c h e m i c a l De t ec t i on : 

Ag 
Al 
B 

Ba 
Be 
Bi 
Ca 
Cd 

1 
1 
1 
0.2 
0.002 
2 
2 
2 

Co 
Cr 
Cu 
Ga 
Hf 
Fe 

K 
La 

1 
0,5 
5 
0-5 
0.5 
5 
2 
0.2 

L l 

Mg 
Mn 
Mo 
Na 
Ni 
P b 
Rb 

0.005 
1 
0.1 
0.5 
1 
1 
1 
0.5 

Sb 
Sn 
Sr 
Ti 
V 
Y 

Zn 
Z r 

20 
2 
0.005 
0.2 
0.5 
0.02 
2 
0.2 

An a l loy wi th the c o m p o s i t i o n 60 w / o T h - 2 0 w / o U-20 w / o P u , a s 
in jec t ion c a s t and a s hea t t r e a t e d , is p r e s e n t l y being e n c a p s u l a t e d for 
i r r a d i a t i o n . 

O t h e r po ten t i a l fuel a l l o y s of t h o r i u m wi th 10 and 20 w / o P u wi th 
4 w / o U added a p p e a r to be a t t r a c t i v e b e c a u s e of t h e i r n u c l e a r and a l s o 
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their metal lurgical proper t ies . These alloys have a face-centered cubic 
matr ix . We are testing them for compatibility with Type 304 stainless 
steel at a temperature of 650°C. Densities of homogenized castings of 
these and other Th-U-Pu alloys a re given in Figures 7 and 8 and in 
Table XVII. The measurements were made by the hydrostatic weighing 
method with an accuracy of better than ± 0.005 g/cm^. The scattering 
of the data with 40% plutonium and more is due to ingot segregation. 

BINARY Tfi-Pu ALLOYS 

ALLOYS WITH 2 PERCENT U 

ALLOYS WITH 4 PERCENT U 

O BINARY Th-Pu ALLOYS 

• ALLOYS WITH 2 PERCENT U 
D / 

• ALLOYS WITH 4 PERCENT U / y \ 

WEIGHT PERCENT PLUTONIUM, comDosition WEIGHT PERCENT PLUTONIUM, nominol composition 

Figure 7. Density of High-purity Th-Pu and 
Th-U-Pu Alloys Annealed 3 Weeks 
at 700°C and Water Quenched 

Figure 8. Density of High-puiity Th-Pu and 
Th-U-Pu Alloys Annealed 3 Days 
at 900°C and Water Quenched 

The f a c t o r s inf luencing the p r e c i s i o n of dens i t y m e a s u r e m e n t s in 
g loveboxes w e r e i n v e s t i g a t e d . An i m p o r t a n t f ac to r w a s found to be dif
f e r e n c e s b e t w e e n the t e m p e r a t u r e of the g lovebox a t m o s p h e r e and of the 
l iquid s u r r o u n d i n g the s p e c i m e n du r ing we igh ing . A r e v i s e d f o r m u l a t ak 
ing into a c c o u n t t h e s e t e m p e r a t u r e d i f f e r ences w a s d e r i v e d . ° 

-'B. B l u m e n t h a l , Dens i ty M e a s u r e m e n t s in Gloveboxes - w i th Dens i ty 
Data on M o n o b r o m o b e n z e n e , Cas t T h o r i u m , T h o r i u m - U r a n i u m and 
T h o r i u m - P l u t o n i u m Al loys , A N L - 6 6 7 1 . 
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Table XVII. D e n s i t i e s of B i n a r y and T e r n a r y H i g h - p u r i t y 

Cc 

Th 

100 
90 
80 
75 
70 
65 
60 
50 
45 
40 

98 
88 
83 
78 
73 
68 
58 
48 
38 

96 
86 
76 
66 
56 
46 
36 

Nomina l 
jmpos i t io r 

(w/o) 

U 

-
-
-
-
-
-
-
-
-

2 
2 
2 
2 
2 
2 
2 
2 
2 

4 
4 
4 
4 
4 
4 
4 

Tt 

1 

P u 

10 
20 
25 
30 
35 
40 
50 
55 
60 

-
10 
15 
20 
25 
30 
40 
50 
60 

-
10 
20 
30 
40 
50 
60 

Z e r o - p o w e r R e a c t o r 

l o r i u m - U 

Anne, 

at 

r a n i u m - P l u t o n i u m Al loys 

Dens i ty 

a led 3 Weeks 

700°C and 
W a t e r Quenched 

F u e l Mat 

11.699 
11.902 
12.108 
12.228 
12.347 
12,478 
12.613 
13.04 
13.77 
13.16 

11.788 
12.002 
12.114 
12.224 
12.345 
12.515 
12.81 
13.10 
14.05 

11.881 
12.111 
12,340 
12,614 
12.97 
13.28 
14.01 

e r i a l s 

(g /cm^) 

Annea l ed 3 Days 
a t 900°C and 

W a t e r Q u e n c h e d 

11.712 
11.908 
12.115 
12.227 
12.352 
12.477 
12.618 
12.92 
12,99 
12.97 

11,793 
11.991 
12.103 
12.216 
12.345 
12.517 
12.79 
13.31 
13.39 

11.886 
12.081 
12.315 
12.656 
13.03 
13,49 
13.67 

The c a s t s p e c i m e n s of 67 a / o U-27 a / o P u and v a r i o u s a d d i t i o n a l 
a l loy ing e l e m e n t s , d e s c r i b e d in the P r o g r e s s R e p o r t for S e p t e m b e r 1963, 
A N L - 6 7 8 4 , p . 13, have been s u b j e c t e d to a o n e - m o n t h c o r r o s i o n t e s t in a i r . 
The s p e c i m e n s w e r e p l a c e d in an a i r - a t m o s p h e r e g lovebox t h r o u g h w h i c h 
r o o m a i r a t the r a t e of 15 cfm w a s d r a w n . The t e m p e r a t u r e w a s n e a r l y 
c o n s t a n t a t 24°C. The r e l a t i v e humid i ty v a r i e d f r o m a low of 25% to a h igh 
of 56%. S p e c i m e n s of U, U-30 a / o P u and U-20 w / o P u - 1 0 w / o Fz w e r e 
a l s o r u n for c o m p a r i s o n . Tab le XVIII s u m m a r i z e s the r e s u l t s . F i g u r e 9 
shows the condi t ion a f te r 21 d a y s . 
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Table XVin. Effect of Room Air on Uranium and Uran ium-Plu ton ium-base Alloys 

Alloy* 

U-27 Pu-6 Al 

U-27 Pu-6 C 

U-30 Pu 

U-27 P u - 6 Cu 

Original 
'Weight 

(gm) 

6.87 

3.23 

6.85 

4.45 

W eight after 
1 Month 

(gm) 

7.78 

3,62 

7.50 

4.79 

U-27 Pu-6 Fe 

U-27 Pu-6 Zr 

U-27 Pu-6 Mo 

U-20 Pu-10 Fz ' ' 

Uranium 

2.95 

3.75 

3.49 

0.10 

3.20 

2.95 

3.75 

3.49 

0.10 

3.20 

Began gaining weight on 2nd day. Com
pletely dis integrated by 6th day.** 

No gain in weight f i rs t 5 days. Gained 
0,03 gnn 6th day, Connpletely dis integrated 
by 6th day.** 

Began gaining weight on 2nd day. Com
pletely dis integrated by 6th day.** 

Did not begin gaining weight until 7th day. 
Although showed some signs of swelling 
and initial dis integrat ion on 6th day. Com
pletely dis integrated on 21st day.** 

No change in weight. Slightly tarnished. 

No change in weight. Slightly tarnished. 

No change in weight. Slightly tarnished. 

No change in weight. Slightly tarnished. 

No change in weight. Slightly tarnished. 

* Composit ions given in weight percent . 

** Still gaining weight after 30 days. 

^U-20 Pu-10 Fz in w/o . 

Top Row: U-27 a/o Pu-6 a/o Al, U-27 a/o Pu-6 a/o Fe. U-27 a/o Pu-6 a/o Zr. U-27 a/o Pu-6 a/o Cu 

Extreme Right: Uranium 
Bottom Row: U-27 a/o Pu-6 a/o Mo. U-27 a/o Pu-6 a/o C. U-30 a/o Pu. U-20 w/o Pu-10 w/o Fz. 

Figure 9. Pyrophoricity Samples after 21 Days in Air 
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6. Nondestructive Testing 

a. Neutron Imaging, Further studies on the light emission from 
several neutron scintil lators have indicated that the light output from the 
scinti l lators appears to be saturated at the neutron intensities normally 
used with the Juggernaut neutron radiographic facility. As the neutron in
tensity is decreased by reducing reactor power, however, a reasonable 
change in light intensity is found. This indicates that it may be possible 
to obtain improved contrast sensitivity by means of scinti l lator-fi lm tech
niques for neutron radiography if the neutron intensity is properly adjusted. 
Film studies to verify this are now in p rogress . 

The neutron facility has been used to inspect a number of heavy-
metal objects including two tungsten castings, 4 cm and 6,3 cm in diameter . 
The neutron inspection of 280 cm of 2 ,5-cm-diameter steel-molybdenum-
tungsten extrusions was also accomplished. 

Other neutron inspection work completed during this repor t 
period includes the neutron inspection of two irradiated, reactor fuel cap
sules, and several test radiographs of Borax superheater fuel assembl ies . 

b. Ultrasonic Imaging. Resolution studies on aluminum test plates 
containing flat-bottomed holes have yielded resolution resul ts s imilar to 
those previously reported (see P rogres s Report for October 1963, 
ANL-6801, p, 48) for test objects containing holes completely through the 
plate. Similar resul ts have also been found for nonbond test objects in 
which flat cover plates have been bonded over the flat-bottomed hole 
samples. 

These studies have been made with the test object oriented 
perpendicularly to the ultrasonic beam direction. Since recent data have 
indicated that much improved visual detection of objects can be obtained 
if the sample is oriented at angles on the order of 15 to 20° from this pe r 
pendicular, further resolution studies at various angular positions a re now 
in progress . 

Initial evaluation studies of the sealed ultrasonic camera tubes 
have been completed. These studies indicate that at least two of these 
quartz target tubes show good response to ultrasound. The studies also 
tended to confirm previously reported data^ that quartz showed improved 
sensitivity and decreased resolution propert ies as compared to barium 
titanate as a target mater ia l . 

^J. E, Jacobs, H. Berger , and W. J. CoUis, An Investigation of the Lim
itations to the Maximum Attainable Sensitivity in Acoustical Image 
Converters, IEEE Trans, on Ultrasonic Engineering, UE-10, 83-88 
(Sept 1963). 
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c, Correlation of Heat-Transfer Proper t ies and Bond Quality. Two 
modifications were made in the flash-tube apparatus for determining ther
mal diffusivity. The discharge capacitor was changed from 50 /if to 250 fif. 
This increased the energy output of the tube from 400 to 2000 Joules, and 
the back surface temperature of a typical specimen from about 1,5°C to 
about 3°C. The flash-tube tr igger pulse was increased from 10,000 to 
40,000 V; this insures the flashing of the tube with every tr igger pulse. 

The physical set-up was made mechanically rigid, so that 
neither the settings of the optical system for a condition of uniform il lumi
nation of the specimen nor the quantity of heat reaching the specimen will 
vary in the course of a ser ies of measurements . 

The condition of uniform illumination was difficult to achieve 
with an optical system. In the process of establishing this condition, it 
was found that a piece of overexposed X-ray film placed in specimen holder 
showed any variat ions in light intensity occurring on the front surface of the 
specimen. This method is now used as a fast check for the illumination 
condition. 

The reproducibility of the system was checked in two ways. In 
the first , the thermocouple contact position on the back surface of the spec
imen was kept the same, and between measurements the specimen was r e 
moved from the holder and then reinserted. Each of ten measurements 
made this way showed a temperature r ise of 3.0°C. The half-r ise time 
varied by 3%. For copper this is a time difference of less than 0,1 ms , a 
difference easily attributable to the actual reading of time from the Polaroid 
print. 

In the second way, the copper specimen remained in the holder 
and the thermocouple position was changed so as to scan the whole back 
surface of the specimen. In the 24 measurements made, the temperature 
r i se was 3,0°C, and the half time varied by 3%, This is not true when any 
of the outer edges of the specimen are scanned, as heat is lost much more 
rapidly here with the resul t that the maximum temperature is less , 

d. Application of Infrared Radiation to Nondestructive Testing, A 
focusing device has been installed in the optical head of the mechanically 
scanned infrared-imaging system, A small lamp illuminates the detector 
and the detector image is projected on the object plane. The m i r r o r system 
can then be adjusted to form a sharp image. The a rea on the object covered 
by the detector image exactly determines the a rea being inspected. A var
iable diaphragm has been placed in front of the detector to improve resolu
tion for h igher- tempera ture objects. 
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D. Heat Engineering Research 

1. Two-phase Nozzle Flow 

The existing l i terature on two-phase nozzle flow has been cri t ical ly 
examined. Considerably more information is available for two-component 
rather than single-component two-phase flow in converging-diverging noz
zles in the low-quality region. Although efficiencies and relative velocities 
between the phases in two-component systems have been reported, no direct 
information can be found for one-component systems. 

Two quantities which are important in evaluating the efficiency of 
nozzle performance a r e : (a) the slip velocity of the mixture, and (b) the 
extent to which the flowing fluid attains equilibrium between the vapor and 
the liquid phase. 

Only one source of data was found for one-component, two-phase 
low-quality flow through nozzles.^ Two nozzles were employed in the above 
tes ts . Nozzle I had a throat diameter of 0.438 in. and an exi t - to- throat 
area ratio of 5.6:1. Nozzle II had a throat diameter of 0.250 in. and a rea 
ratio of 25:1. The thrust of the leaving fluid s t ream was measured in addi
tion to the usual measurements of flow rate and p re s su re profile through
out the nozzles. Flow rate ratios varied from 0 to 0.2 lb. steam per lb 
mixture, and initial p res su res varied up to 1000 psia. No attempt was made 
to measure or calculate slip ratio or the efficiency of the nozzle. 

These data were therefore examined in detail for information on 
slip ratio, nonequilibrium effects, and efficiencies of the nozzles. The ef
ficiency as used here is defined as the ratio of the actual kinetic energy of 
a unit mass of the leaving liquid phase to the kinetic energy of a unit mass 
of fluid expanding ideally, assuming no slip and equilibrium between the 
phases. 

A set of equations was developed for the computer such that exit 
slip ratios of the nozzles could be calculated from the experimental in
formation provided thermodynamic equilibrium prevailed. 

The following results were obtained: The slip ratio, k, varied 
from 1 to 5 in Nozzle I, and from 0.6 to 2.0 for Nozzle II. Slip rat ios less 
than 1.0 were obtained for Nozzle II when the flow was overexpanded in the 
diverging section. The slip ratio seemed to be independent of total p r e s 
sure drop, AP, across the nozzle for a given flow rate, and very definitely 
increased with increasing flow rate . Since calculated slip ratios a re found 
to be independent of AP, it is believed that the higher slip rat ios obtained 

^E. S. Starkman, Expansion of A Very Low Quality, Two-phase Fluid 
Through A Convergent-Divergent Nozzle, ASME Paper 63-AHGT-4. 
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for Nozzle I were mainly due to nonequilibrium effects. The departure 
from equilibrium would be expected to be much greater in Nozzle I than 
II, since Nozzle 1 had a much shorter diverging section, and hence a 
shorter flow time for a given flow ra te . It was shown that a reduction in 
quality below the value obtained from assuming thermodynamic equilibrium 
resulted in lower calculated slip rat ios with all other quantities remaining 
the same. It can, therefore, be concluded that the slip ratio calculated 
represented an upper bond. 

The following ranges of efficiencies were calculated based on the 
obtained slip ratio: Nozzle I, 10 to 80 percent; Nozzle II, 35 to 95 percent. 
These resul ts indicate that a properly designed nozzle can give an efficiency 
of as high as 90 percent . 

E. Chemical Separations 

1. Chemistry of Liquid Metals 

a. Solubility of Plutonium in Cadmium. The solubility of plutonium 
in liquid cadmium over the temperature range from 335 to 632°C may be 
represented by t̂ vo empirical equations; 

(335 to 399°C): log (a/o Pu) = 6.223 - 4282 T"' ; 

(399 to 632°C): log (a/o Pu) = 5.148 - 5277 T'^ -t- 1.156 x I O ' T " ^ 

b. The Yttr ium-Zinc System. X-ray data for the yttr ium-zinc 
system confirm the existence of the phase YZni^, previously suggested by 
the resul ts of effusion studies (see P rogress Reports for January and 
March 1963, ANL-6683, p. 39, and ANL-6705, p. 47). Additional effusion 
data on the yt t r ium-zinc system were used to evaluate the equilibrium zinc 
vapor p r e s s u r e s of intermediate phases of this system at various tempera
tures . The values obtained agreed well with resul ts? determined by means 
of the dew-point method. 

c. Praseodymium-Cadmium Galvanic Cell Studies. The thermo
dynamic functions of the praseodymium-cadmium system are being evalu
ated by means of a galvanic cell . A new cell of the form P r / P r C l j , LiCl-KCl 
(eutect ic) /Pr-Cd (two-phase alloy) has been assembled, and the emf of the 
cell has been measured as a function of temperature . The free energy of 
formation of PrCdn may be represented by the equation 

AGf° = -61,004 + 20.92 T - 1.77 x 10"^T^ 

over the tempera ture range from 360 to 540°C. 

9p . Chiotti, J. T. Mason, and K. J. Grill , Trans . Met. Soc. AIME, 227, 
910 (1963). 
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d. Liquid Metal Distillation. In fuel-recovery processes with 
liquid metals and fluxes, a method is required for the remote determination 
of liquid levels and interfaces between liquid metals and fluxes. An eddy 
current induction probe (described in this report in Sect. II.D.5.b) for con
tinuously measuring liquid levels has been evaluated in the large unit for 
distillation of cadmium. The use of the probe led to reliable values of the 
cadmium level in the still pot during charging and distillation. A probe of 
this type gives promise of being an effective and accurate device for moni
toring the metal liquid level in a remotely operated distillation unit. 

To obtain information on temperature distribution in the 
cadmium-distillation unit, vert ical temperature profiles have been obtained 
in the still pot during distillations. The temperature from the top to the 
bottom of the liquid region was constant, as was the tempera ture in the 
vapor phase, although about 25°C lower than the tempera ture in the liquid 
region. Comparison of measured liquid cadmium tempera tures with a 
calculated boiling point curve (assuming 22 mm Hg p res su re in the vapor 
phase) indicated that boiling could have occurred only within the top inch 
of liquid cadmium in the still pot. 

With power inputs of 20 to 40 kW, the apparent distillation 
rates in the cadmium distillation unit (fitted with a de-entrainment device) 
were 39 to 92 kg/hr and the apparent power efficiency ranged from 32 to 
57 percent. The effectiveness of the de-entrainment device will be de
termined when analytical results are obtained for five runs in which lead 
was used as a t racer . 

Study of the nonturbulent vaporization of mercury from a 
1-in.-diameter, 12-in,-deep liquid pool was continued. In three runs, in 
which the rate of vaporization was about 115,000 Btu/(hr)(sq ft), surface 
superheating of mercury through the vaporizing surface averaged 28°C 
above the vapor space saturation temperature . A large superheat is be
lieved to be an important part of the mechanism for nonturbulent vapori
zation at high ra tes . The driving force for the vaporization process 
depends upon the superheat attainable before vapor bubble nucleation 
s ta r t s . 

e. Plutonium Recovery P rocess . Development work was con
tinued on the use of ternary cadmium-zinc-magnesium alloy as a process 
medium for the recovery of plutonium-bearing fuels. Such a medium may 
allow the use of lower process temperatures and stainless steel equipment. 

The solubility of uranium in three additional alloys (Cd-20a/oZn-
20 a/o Mg, Cd-20 a/o Mg-13 a/o Zn, and Cd-20 a/o Zn-13 a /o Mg) has been 
measured at temperatures of about 375°C to 650°C or 700°C. For these a l 
loys and alloy compositions studied previously (see P rogres s Report for 
October 1963, ANL-6801, p. 57), uranium solubility increased with i n c r e a s 
ing zinc concentration and decreased with increasing magnesium concentra
tion as shown below: 
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Uranium Solubility 
Zn(a/o) Mg(a/o) Cd(a/o) at 600°C (w/o) 

-
13 
13 
20 
20 
20 
100 

_ 
13 
20 
10 
13 
20 
-

100 
74 
67 
70 
67 
60 
-

2,1 
3 
2.2 
4.4^ 
3.5 
2,7 
0.2 

^Measured at 650°C. 

Uranium-bearing solid phases in equilibrium with the solutions 
under various conditions have been identified by means of metallographic 
examination as alpha-uranium, the delta uranium-zinc intermetallic com
pound (•~U2Zni7), and UCdji. 

f. Distribution of Californium between Magnesium Chloride and 
Zinc-Magnesium. The distribution of californium-252 between liquid zinc-
magnesium alloy and magnesium chloride is being determined as part of a 
study of transplutonium element separations in liquid metal -sa l t systems. 
Pre l iminary resul ts indicate that californium strongly favors the flux phase 
at magnesium concentrations below 20 w/o, but that it shows an increasing 
tendency to distribute to the metal phase as magnesium concentrations were 
increased from 20 to 84 w/o . This behavior has not been observed with any 
of the other elements investigated thus far (see Progress Report for 
April 1962, ANL-6565, p. 27). Pre l iminary results of experiments carr ied 
out at 750, 800, and 850°C indicate that the behavior of californium was also 
different from that of the other elements inasmuch as californium was found 
to distribute increasingly to the metal phase (zinc-14% magnesium alloy or 
magnesium-34% zinc alloy) with decreasing temperature . 

2. Fluidization and Volatility Separations P rocesses 

a. Recovery of Uranium from Low-enrichment Ceramic Fuels. 

(i) Labora tory-sca le Fluid-bed Fluorinations. Laboratory 
support work has been directed toward the establishment of optimum con
ditions for the fluid-bed fluorination of mixtures of U30g and plutonium 
dioxide (see P r o g r e s s Report for September 1963, ANL-6784, p. 50). 
Two additional fluorination runs have been ca r r ied out with U3O8-PUO2 
mixtures containing added fission product oxides. The concentration of 
plutonium in the U30g-Pu02 mixtures was about 0.4 w/o , and the concen
tration of 11 fission product oxides (LajOs, CeOz, Pr^On, Nd,03, SmjOs, 
EU2O3, Gd203, Y2O3, BaO, Zr02, and M0O3) was about 0.86 w/o. In these 
runs, alumina was added to the mixture pr ior to being fed to the fluid-bed 
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reactor . The fluorination reaction sequence consisted of two steps. The 
first step was a fluorination-feeding period during which the feed mater ia l 
was continuously transported into a l-i--in.-diameter fluidized bed of alu
mina and simultaneously reacted with 20 v/o fluorine in nitrogen. The 
second fluorination step was carr ied out with 100% fluorine which was r e 
cycled through the fluid bed. 

In the first run, the fluorination-feeding period ( 2 i hr) was 
performed at 450°C and was followed by three successive recycle-fluorination 
periods of 5 hr at 450°C, 5 hr at 500°C, and 10 hr at 550°C. After this ser ies 
of recycle fluorinations, the residual uranium and plutonium contents of the 
alumina bed were 0,015 w/o and 0,007 w/o, respectively. 

In the second run, the fluorination of six batches of feed 
mater ia l was carr ied out with one bed of alumina (initially unused). The 
following operating conditions were used. The fluorination-feeding period 
(1 hr) was conducted at 500''C for six successive batch additions of feed 
mater ia l (U3O8, PUO2, fission product oxides, and alumina). After the sixth 
batch addition of the feed mater ia l , the alumina bed was then fluorinated 
for two recycle-fluorination periods of 1 0 hr each at 500°C and 550°C, 
respectively. Following each reaction period, the alumina was removed 
fronn the reactor , and a sample taken for uranium and plutonium analyses. 
The alumina 'was then replaced in the reactor for re -use in a subsequent 
step in the run. 

Recycled alumina was also used to prepare the second 
through sixth batches of feed mater ia l for the fluorination-feeding periods. 
F resh alumina was only added to the first batch of feed mater ia l . The r e 
sults of this run showed that, during the fluorination-feeding per iods, the 
residual plutonium concentration of the alumina bed increased rather 
regularly for the first four batch additions of feed mater ia l , from 0.10 w/o 
to 0.42 w/o, and then decreased to 0.23 w/o after the sixth batch addition 
of feed mater ia l . After the recycle-fluorination periods at 500''C and 
550°C, the residual plutonium concentrations of the alumina bed were 
0.19 w/o and 0.18 w/o, respectively. The final residual plutonium concen
tration of 0,18 w/o corresponds to a retention on the alumina of 13% of the 
total plutonium (6,98 g) fed to the fluid-bed reactor . The final residual 
uranium concentration of the alumina was 0.01 w/o, which corresponds to 
about 0.003% of the total uranium (about 1510 g) feed. 

These results tend to verify previous smal l - sca le , boat-
type experiments (see Progress Report for October 1962, ANL-6635, p. 44) 
in which relatively high retention of plutonium by alumina was observed 
when the initial fluorination temperature was 500°C, However, much lower 
plutonium retentions were obtained in the first run and in previous boat ex-
perimentslO in which the initial fluorinations were car r ied out at a lower 

I O A N L - 6 6 4 8 , Chemical Engineering Division Summarv Reoort. October. 
November, December, 1962, p. 130, 
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t empera ture (450°C). The residual plutonium concentration of the alumina 
in these experiments varied from 0.003 to 0.009 w/o. Because of the much 
lower plutonium retentions obtained at 450°C, the effect of the lower tem
pera ture will be investigated in the current se r i es of fluid-bed experiments . 

(ii) Engineering-scale Studies of Two-zone Oxidation-
Fluorination Processing Scheme for Clad Uranium Dioxide. The alumina 
bed from a previous two zone oxidation-fluorination run (see P rogress Re
port for October 1963, ANL-6801, p. 60) was subjected to a cleanup fluori
nation step for further removal of uranium. Pr ior to the fluorination step, 
the UO2 stainless steel cladding was removed from the reac tor . During 
the cleanup step, the fluorine was introduced at the bottom of the fluid-bed 
reac tor . The fluorination step was carr ied out at 500°C for a period of 
4.5 hr of total off-gas recycle 'with fluorine added to a 'nnaximum concentra
tion of 68 percent . This cleanup step resulted in reducing the residual 
uranium concentration in the alumina to 0.72 w/o, which is greater by a 
factor of 10 than the uranium retained by the alumina in other runs . Further 
study is planned to determine if the retention of uranium in the alumina is 
increased by re-using alumina and by using alumina of smaller part icle 
size (hence, increased available alumina surface a rea) . The alumina in 
this run had been used in a previous run (see P rogres s Report for July 1963, 
ANL-6764, p. 53), and consisted mainly of small par t ic les , 86% of the par
ticles being in the size range of -120 +200 mesh. 

b. Recovery of Uranium from Highly Enriched Uranium-AUoy Fuels 
by Chlorination and Fluorination Steps 

(i) Bench-scale Studies. Studies of the feasibility of using a 
fluid-bed chlorination-fluorination scheme for the reco\ 'ery of enriched 
uranium from uranium-al loy fuels were continued. Present ly, tes ts a re 
being ca r r i ed out with uranium-aluminum and uranium-Zirca loy fuels. 
The work is being conducted in a 1 | - - in . -diameter fluid-bed reactor with 
the alloy subassembly being submerged in an inert bed. 

Recently, another run using a multiplate uranium-aluminum 
fuel subassembly has been ca r r i ed out (see P rogres s Report for September 
1963, ANL-6784, p. 52). The objectives of this run were to determine (a) 
the effect on the retention of uranium by alumina of the addition of simu
lated fission products to the fluid bed, (b) the effect of interruptions of feed 
gas s t r e ams (which would allow the fluid bed to become static) and of e le
vated bed t empera tu res (to 600°C) on the fluid-bed behavior of the alumina 
bed, and (c) the disposition of the silicon from the sil icon-aluminum alloy 
brazing rod used in the fabrication of the test fuel subassemblies charged 
in this tes t . 

In this run, the charge consisted of four uranium - aluminum 
subassembl ies (total weight 176.7 g; ~4 w/o normal uranium), each sub
assembly being 5 in. long. In the fabrication of these subassembl ies , the 
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uranium-aluminum plates were brazed with a 12 w/o silicon-aluminum rod 
(Castolin*) instead of being welded with type aluminum-1100 rod (greater 
than 99 w/o aluminum). In addition to the subassemblies , 13.7 g (4.1 w/o of 
the reactor bed) of 11 simulated fission products were also charged to the 
fluid-bed reactor . The eleven fission products were strontium, yt tr ium, 
niobium, molybdenum, ruthenium, rhodium, antimony, tel lurium, cesium, 
barium, and cerium. Sintered alumina grain (Tabular T-61 , Aluminum 
Company of America) was used as the inert mater ia l in both the fluid-bed 
reactor (320 g; -40 +120 mesh) and packed-bed filter (640 g; -14 +20 mesh). 

The following reaction sequence was employed in the run: 
hydrochlorination, hydrofluorination, and fluorination. The hydrochlorina-
tion step was conducted at fluid-bed and filter-bed tempera tures of 280''C 
(average) and about 180°C, respectively, for 6.4 hr . The hydrofluorination 
step (50 v/o hydrogen fluoride in nitrogen) was conducted at an average 
fluid-bed temperature of 350''C for 1 hr. This was then followed by two 
fluorination periods, one of 4 hr at a fluid-bed temperature of 250°C, and 
the other of 2 hr at a fluid-bed temperature of 500°C. In both fluorination 
periods, the fluorine concentration was increased stepwise from 5 to 90 v/o 
(remainder nitrogen). The filter bed was maintained at the same tempera
ture as the fluid bed during the hydrofluorination and fluorination reaction 
steps. 

The planned interruptions were carr ied out during and 
after each reaction step of the processing cycle. During these in ter rup
tions, the feed gas stream was stopped, thus causing the alumina in the 
reactor to become static, and the temperature of the reactor was cycled 
for varying periods between room temperature and 600°C. During the r e 
action steps, the interruptions consisted of stopping the gas flo'w and rapidly 
cooling the reactor from its operating temperature to room tempera ture , 
maintaining the reactor at room temperature for 2 hr and then reheating 
the reactor to operating temperature. After each reaction step, the inter
ruption involved stopping the gas flow and heating the reactor assembly 
(fluid-bed reactor and packed-bed filter) to 600°C, maintaining the assembly 
at this temperature for 2 hr, and then cooling it from 600°C to its operating 
temperatures . 

The retention of uranium by the sintered alumina in the 
fluid-bed reactor was apparently unaffected by the presence of relatively 
high residual concentrations (1.3 w/o of the fluid bed) of simulated fission 
products. The final uranium concentration in the bed was 0.01 w/o 
(0,5 w/o of the uranium initially charged). This concentration is the same 
as the low level achieved previously in a run made without added simulated 
fission products (see P rogress Report for September 1963, ANL-6748, 
p. 52). The rate of uranium loss (0.7 mg/hr) through the packed-bed filter 
during hydrochlorination was the lowest achieved in the current se r i es of 

*A product of Eutectic Welding Alloys Corporation, 
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runs in which the feed charges were either uranium-aluminum alloy chips 
or uranium-aluminum subassemblies The total uranium loss for the 
hydrochlorination period amounted to 0 1% of the uranium initially charged. 
This low uranium loss is believed to be due to the increased height (12 in,) 
of the filter bed. In previous runs (see P r o g r e s s Reports for June 1963 
and September 1963; ANL-6749, p. 46, and ANL-6784, p 52), filter bed 
heights of 6 and 8 in. were used. A comparison of the filtration efficiency* 
data for all runs with uranium-aluminum alloy chips or uranium-aluminum 
subassemblies indicates that the optimum filter bed height is about 8 to 
10 in. 

The sintered alumina in the fluid-bed reactor did not cake 
and was readily refluidized despite the planned interruptions. The presence 
of the simulated fission products also did not affect the behavior of the 
alumina bed. P re l iminary resul t s indicate that about 90% of the simulated 
fission products that were added to the fluid-bed reactor were retained by 
the alumina beds in the reactor and filter. The distribution of the individual 
fission product elements appears to be in conformity with the distributions 
est imated from the volatil i t ies of their higher-valent chlorides and fluorides. 

The silicon from the brazing alloy was retained pr imari ly , 
and ra ther unexpectedly, by the alumina in the fluid-bed reactor and the 
packed-bed filter. The silicon concentration in the alumina was 0.6 w/o. 

(ii) Pilot Plant Demonstration Runs, Two additional shakedown 
runs have been completed in the pilot plant installed to demonstrate the 
fluid-bed fluoride volatility p rocess for recovering uranium from highly 
enriched uranium-al loy fuels. In each run, a subassembly composed only 
of Zircaloy or of aluminum was charged to the fluid-bed reactor . In these 
runs, only the hydrochlorination and hydrofluorination reaction steps were 
ca r r i ed out. In future experiments with subassemblies containing uranium, 
the fluorination reaction step will also be ca r r ied out. During the hydro
chlorination step, the fluid-bed pyrohydrolysis reactor was operated simul
taneously for converting the volatile zirconium tetrachloride** or aluminum 
tr ichloride (each of which represen ts a waste s t ream) to their respective 
solid oxides, 

The operating conditions for the two runs are shown in 
Table XIX, In both runs, operational performance was considered highly 
satisfactory. Fluid-bed reactor t empera tures were satisfactorily con
trolled by means of the reactor coolant system which regulated the reactor 

•Fi l t ra t ion efficiency is defined as the ratio of the quantity of uranium 
which is passed through the filter to the quantity of uranium which is 
loaded on the filter, 

**Tin chloride (from the Zircaloy) was probably also present . 
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wal l t e m p e r a t u r e to wi th in about five d e g r e e s of the se t poin t . The fuel 
c h a r g e s w e r e c o m p l e t e l y r e a c t e d in the h y d r o c h l o r i n a t i o n t i m e s ind ica ted . 
The s h o r t e r h y d r o c h l o r i n a t i o n r e a c t i o n t i m e in the r u n wi th the Z i r c a l o y -
only s u b a s s e m b l y (5 h r ) than that in the r u n wi th the a l u m i n u m - o n l y s u b 
a s s e m b l y (11.7 h r ) r e s u l t e d f rom h ighe r to ta l gas f lows , a s u s t a i n e d p e r i o d 
of h ighe r hyd rogen ch lo r ide c o n c e n t r a t i o n , and h i g h e r bed t e m p e r a t u r e . 
M a x i m u m t e m p e r a t u r e s of 710°C and 335°C w e r e o b s e r v e d in the c h a n n e l s 
be tween the p l a t e s of the Z i r c a l o y - o n l y and a l u m i n u m - o n l y fuel s u b a s s e m 
b l i e s , r e s p e c t i v e l y . Since the t e m p e r a t u r e s s u s t a i n e d in the a l u m i n u m run 
w e r e so wel l con t ro l l ed and w e r e wel l below the m e l t i n g point of a l u m i n u m 
(660°C), a s igni f icant i n c r e a s e in r e a c t i o n r a t e can p r o b a b l y be a c h i e v e d 
without exceed ing p r a c t i c a l ope ra t i ng t e m p e r a t u r e l i m i t s . The p r e s e n t 
Z i r c a l o y r e a c t i o n r a t e is c o n s i d e r e d s a t i s f a c t o r y . 

Table XIX. Operating Conditions for Fluid-bed Hydrochlorination and 
Hydrofluorination of Zircaloy-only and Aluminum-only 
Fuel Subassemblies 

Fuel Subassembly Charge; 

Equipment (all nickel): 

Inert Bed Material; 

Reaction Steps; 

Run Charge (subassembly) 

Hydrochlorination Period 

HCl, v/o in nitrogen 
Reaction time, hr 
Temperature, °C 

Reactor Bed, avg 
Packed-bed filter 
Pyrohydrolyser 

Avg Utilization Efficiency, % 

Hydrofluorination Period 

HF, v/o 
Reaction time, hr 
Temperature, °C 

Reactor bed 
Packed-bed filter 

Zircaloy only; 13.6 kg; 3 ft long 
Aluminum only; -13,7 kg; —4 ft long 

6-in.-diameter fluid-bed reactor 
9.5-in,-diameter packed-bed filter 
6-in,-diameter pyrohydrolysis reactor 

Alumina. In the run with the Zircaloy-
only subassembly, sand was used in the 
pyrohydrolysis reactor, 

Hydrochlorination and hydrofluorination 
(fluorination step omitted because no 
uranium was present in either sub
assembly used) 

Zircaloy Only 

46 to 62 
5 

400 to 500 
390 
360 

43 

20 
1 

Aluminum Only 

375 
390 

55 
11. 

300 
275 
300 

55 

20 
1. 

330 
275 
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Pre l iminary resul ts obtained during the pyrohydrolysis of 
the volatile chlorides from the hydrochlorination of the subassemblies in
dicate that some part icle growth did occur in the run with the aluminum-
only fuel subassembly. The part icle growth resul ts from the deposition of 
solids on the starting bed mater ia l . However, the major fraction of the a l 
uminum oxide was found to be in the form of fines smaller than 100 mesh. 
The pyrohydrolysis reac tor operated satisfactorily, and bed temperatures 
were uniform. In the two runs, the p re s su re drop ac ross the sintered metal 
filters remained at a low level. 

3. General Chemistry and Chemical Engineering 

a. Head-end Treatments for Refractory Fuels . A process for d is 
solving uranium monocarbide fuels in molten chloride salts has been further 
investigated. The dissolution procedure used previously (see P rogres s Re
port for October 1963, ANL-6801, p. 63), which produced free carbon and 
(probably) a U(lV) species , was modified and was as follows: Hydrogen 
chloride was bubbled through molten NaCl-KCl containing a UC pellet at 
750°C for 2 hr to break up the pellet and dissolve the uranium, the tempera
ture was ra ised to 900°C, and carbon dioxide was passed through the melt 
for 1 .| hr , the tempera ture was decreased to 750°C, and the melt was sparged 
with hydrogen chloride for another 45 min. After the melt was filtered, only 
a small amount of carbon residue remained on the walls of the tube, carbon 
having been removed by the reaction of carbon with carbon dioxide to form 
carbon monoxide. The product was a green salt solution containing about 
10 w/o uranium, as calculated from the weights of the starting mater ia l s . 

4. Calor imetry 

A se r ies of seven combustions of niobium diboride in fluorine has 
been completed. Calculations a re in p rog res s . 

Satisfactory techniques for the ca lor imetr ic combustion of thorium 
in fluorine have been developed. 

F, Plutonium Recycle P rogram 

1, Plutonium Recycle Fuel 

The following fuel loading is being fabricated for the Plutonium Re
cycle experimental core: 

(a) A central zone of mixed plutonium oxide-uranium oxide fuel 
e lements , to be supplied by General Elec t r ic , Hanford, This zone contains 
36 elements fueled with 1.5 w/o plutonium oxide and 98.5 w/o depleted 
uranium oxide. 
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(b) An intermediate shim zone fueled with enriched uranium, to be 
fabricated by United Nuclear Corporation. This zone contains 60 elements 
fueled with UO2 enriched to 6 w/o U" ' . 

(c) A blanket zone of natural uranium, to be fabricated by United 
Nuclear Corporation. This zone contains 58 elements fueled with natural 
UO2. 

The PUO2-UO2 fuel for the central zone is being prepared at Hanford 
by the Dynapak process described in the September P rogres s Report, 
ANL-6784, p. 56. Approximately i of the fuel mater ia l required for this 
central zone has been prepared. Facilities for processing the fuel loading 
at Hanford are completed. 

United Nuclear Corporation's Chemical Division has converted all 
the natural UO3 to UO2 for the blanket fuel rods. This natural UO2 has been 
tested for composition and pellet density, and is reported to be satisfactory. 
Facilities and equipment are being prepared for fuel loading, welding, han
dling, and inspection at United Nuclear Corporation's Fuels Division. Sched
ules are being established for delivery of subcontracted hardware components, 
including Zircaloy-2 fuel cans, fuel jacket tubing, end plug stock, and fuel 
element grids and end fittings. 

2, Physics Program 

The IBM 704 code I I S S / R E has been used to calculate j3gff and I for 
the hot voided system at zero burnup, the cold system at zero burnup, the 
cold system at 0,006 burnup, and the cold plutonium cri t ical configuration 
at zero burnup. The respective values for Pgff a re : 0.00494, 0,00534, 
0.00660, and 0,00307, The corresponding values for the prompt-neutron 
lifetime, (• , a re : 30,9, 25.5, 26,1, and 41.7 /usee. The values for the hot 
system differ from those reported in Progress Report for October 1963, 
ANL-6801, p. 67, owing to a computational e r ro r . 

As expected, the plutonium crit ical configuration has the smallest 
value for peff. The shift in Pgff to the larger value at 0.006 burnup is 
due to the power shifting out from the plutonium zone into the uranium 
zones of the system. 

The above values have been used with the RP 130 code to calculate 
period versus reactivity, and with the RP-129 "J" code to evaluate inte
grated energy versus reactivity input. 

The cold system at zero burnup re leases an integrated power of 
1000 MW-sec for a step insertion of kgff = 1.016. At 0.006 burnup, 
1000 MW-sec is generated for kgff = 1.0147, For the plutonium cri t ical 
configuration, 320 MW-sec are released with a kgff = 1.014, These 
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energy re leases correspond roughly to melting of the oxide fuel at the hottest 
point in the core . The asymptotic periods corresponding to the above reactiv
ities are 2.4, 3.2, and 3,8 msec , respectively, for the cold system at zero 
burnup, at 0.006 burnup, and for the plutonium cri t ical configuration. These 
periods are all long compared with the upper limit of 1.2 msec for the time 
delay calculatedl 1 for the heat t ransfer from the plutonium to the uranium 
in the mixed oxide fuel. 

Calculations by means of the ARGUS code are being used to examine 
thermal s t r e s s e s in the Zircaloy cladding as well as cladding temperatures 
for the various severe reactivity insertions considered above. Pre l imin
ary resul ts a re in agreement with SPERT experiments^^ and calculations 13 
which indicate there is only a small energy transfer to the clad during the 
small time intervals involved in the excursions being considered. 

Rod v/orths and reactivity coefficients are being calculated by the 
PDQ-3 and RE-122 codes. At zero burnup, the nine rods are worth about 
17% and the central rod about 4%. The reactivity swing from hot operating 
to the hot no-void condition is about 8%. This corresponds to about 11% after 
allowing 3% for xenon and other uncertaint ies . For the cold system but with 
the water assumed to be at the hot no-void density condition, keff is about 
1.12, whereas for the cold system kgff is about 1.15. 

For the plutonium cri t ical configuration at zero burnup, the nine 
rods are worth about 16% and the central rod is worth about 10%. 

1 1 R . E , Pe terson , Time Delay in the Doppler Effect Resulting from 
Inhomogeneities in Mixed PuOj-UOz Fuels , HW-78711, 

l^T. M. Quigley and A. H. Spans, Calculation and Measurement of the 
Transient Temperature in a Low Enrichment UO2 Fuel Rod during 
Large Power Excursions, IDO-16773 (May 18, 1962), 

1 3 T . R. Bump and R, W. Seidensticker, Analysis of Tempera tures 
and Expansions Resulting from Exponential Power Changes in a 
Reactor, Nuclear Sci. and Eng. 4, 44 (1958). 
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IV. ADVANCED SYSTEMS R E S E A R C H AND D E V E L O P M E N T 

A, Argonne Advanced R e s e a r c h R e a c t o r (AARR) 

1, C o r e P h y s i c s 

As a p o s s i b l e m e a n s for a l l ev i a t i ng s e r i o u s flux d i s t o r t i o n du r ing 
the t i m e of m a x i m u m i n s e r t i o n of c o n t r o l r o d s and as a p o s s i b l e m e a n s of 
ex tend ing c o r e l i f e t ime , a b r i e f s tudy of s p e c t r a l shif t c o n t r o l as app l i ed 
to AARR was m a d e . The study showed tha t s p e c t r a l shift c o n t r o l c a n f u r 
n i sh about 13% 6k swing; howeve r , flux and power peak ing p r o b l e m s a r e ag 
g r a v a t e d by th i s type of c o n t r o l , and it was judged to have no a d v a n t a g e for 
AARR, 

All c a l c u l a t i o n s for the AARR a r e now be ing c o n d u c t e d for a 
40-40 c o r e (fuel p la te and coo lan t channe l t h i c k n e s s e s e a c h equa l to 
0,040 in . ) . The f luxes and adjoint f luxes have b e e n d e t e r m i n e d a t 21°C and 
100°C with new c r o s s - s e c t i o n s e t s , d ivided into e igh t een e n e r g y g r o u p s . 
The c r o s s s e c t i o n s of p lu ton ium-239 and z i r c o n i u m have b e e n added to the 
s e t s . T h e r m a l u p s c a t t e r i n g is i nc luded for t h r e e g r o u p s and d o w n s c a t t e r -
ing for f ive. The t h e r m a l flux in the c o r e d e c r e a s e s rough ly by 10% f r o m 
the va lue s ob ta ined us ing the old l 6 - g r o u p c r o s s - s e c t i o n se t wi th no u p -
s c a t t e r i n g . The p r o m p t - n e u t r o n lifetinne, P rf, and the power d i s t r i b u t i o n 
a r e being d e t e r m i n e d 'with the new f luxes and adjoint f luxes as input . 

2. C r i t i c a l E x p e r i m e n t 

The c o n t r a c t for fuel r e q u i r e d in the c r i t i c a l e x p e r i m e n t i s s t i l l 
u n d e r negot ia t ion . De l ive ry depends upon the date of e x e c u t i o n of the c o n 
t r a c t . At p r e s e n t i t a p p e a r s tha t de l i ve ry m a y not c o m m e n c e b e f o r e A p r i l 
o r May, and fuel loading into the c r i t i c a l fac i l i ty i s not l ike ly to o c c u r b e 
fore June o r Ju ly , 1964, 

Unexpec t ed difficulty was e n c o u n t e r e d dur ing c h e c k o u t of n u c l e a r 
i n s t r u m e n t a t i o n for the c r i t i c a l e x p e r i m e n t , Inconnpat ibi l i ty w a s found b e 
tween v a r i o u s c i r c u i t s . The t r o u b l e was t r a c e d to o s c i l l a t i o n and no i se 
o r i g i n a t i n g in t h r e e s e p a r a t e c h a s s e s . Al though i n c o n s e q u e n t i a l a t t h e i r 
o r i g i n s , the d i s t u r b a n c e s w e r e ampl i f i ed and p r o p a g a t e d by a s s o c i a t e d 
e q u i p m e n t , and the low-f lux c i r c u i t r y was e n t i r e l y d i s a b l e d when t e s t e d 
u n d e r o p e r a t i n g cond i t i ons . The ind iv idua l c h a s s e s p e r f o r m s a t i s f a c t o r i l y 
when i s o l a t e d . 

The e q u i p m e n t had b e e n p u r c h a s e d on an ind iv idua l l o w e s t - b i d b a s i s , 
and s e v e r a l b r a n d s and b i d d e r s had b e c o m e involved. The r e s u l t i n g a s s o r t 
m e n t i s difficult to s e r v i c e and o p e r a t e . In add i t ion to the c o s t of i n v e s t i 
ga t ing and modifying th i s equ ipmen t , t h e r e i s a p o s s i b i l i t y tha t s o m e 
c o m p o n e n t s m a y have to be r e p l a c e d be fo re s a t i s f a c t o r y o p e r a t i o n i s 
o b t a i n a b l e . 
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This was the first console obtained by ANL through competitive bid
ding on individual components. Others have been purchased subsequently 
on a package bas i s . Either approach resul ts eventually in a considerable 
diversi ty of equipment. Other National Laboratories have claimed that 
substantial improvement was gained by specifying standardized components 
rather than by submitting reactor consoles for connpetitive bids, 

3. Reactor Control 

Alterat ions permitt ing the use of the 100-MW transient study 
analog program for t ransient studies at 240 MW (conforming to a40-40 core) 
have been completed. Provisions for studying the effects of variations in 
system p re s su re and coolant flow velocity were added to the program. 

A l i te ra ture survey and a study of For t r an programming methods 
have been ca r r i ed out prel iminary to the preparation of a comprehensive 
digital code for use in future AARR transient studies. 

4. Beam Tubes for the Experimental Facili ty 

P r i o r to building a two-dimensional analog simulation model for 
determination of tempera ture distribution in the AARR beam tube thimbles, 
the Franklin Institute has completed a prel iminary ser ies of thermal gra
dient and s t r e s s studies in order to set the bounds on the allowable wall 
thicknesses . These studies basically consisted of the following: (l) for a 
fixed inside diameter of the beam tube, the outside diameter was contin
uously varied, and the tempera ture difference between inside and outside 
wall and average tempera ture difference were determined as functions of 
heat generation r a t e s ; (2) for a fixed inside diameter of the beam tube, the 
outside diameter was continuously varied and the total heat flux integrated 
to determine the total amount of heat to be removed from the beam tube 
wall; (3) from the information obtained by the f irs t group of curves, com
bined s t r e s se s were obtained as a function of the outside diameter for fixed 
inside diameter , various outside p r e s s u r e s , and 100-MW and 240-MW power 
levels. 

These calculations provide the information required for the p re 
liminary selection of the wall thickness for each of the beam tubes. In 
addition, the coolant flow requirements can be established for any wall 
thickness selected. The calculations performed by Franklin Institute ap
pear to be consistent with prel iminary calculations performed at Argonne. 
Tentatively, the resul ts appear encouraging for design purposes. 

5. Shielding 

Shielding studies are continuing in order to evaluate operational 
l imitations of the plant and to develop mater ia l and thickness specifications 
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ultimately to be t ransmit ted to the archi tect-engineer when detailed design 
work begins. Shielding walls surrounding the pr imary coolant system pip
ing and components have been evaluated, and accessibility to various por
tions of the plant have been compared with operational requirements , 

A prelii-ninary cost study was made to assess the desirability of 
using ferrophosphorus in place of magnetite as aggregate in heavy shielding 
concrete. Ferrophosphorus aggregate density ranges from 5.8 to 6.3 g m / 
cc. The cost is 3 to 5 times the 1956 quoted prices for 4 .5-gm/cc magnetite 
ore in carload lots. Hence, it appears magnetite remains the more econom
ical shielding aggregate, except perhaps in specific a reas where space is at 
a particular premium, 

B. Magnetohydrodynamics (MHD) 

1. MHD Generator and Cycle 

The experimental work on an MHD generator with single-phase and 
two-phase flows was completed in October, The data have been analyzed 
and compared with Hartmann flow. The data in the two cases differ in that 
the Hartmann flow is the case for two infinite parallel planes, without end 
losses . In the present experiment, the channel aspect ratio was small , and 
end losses had a big effect. By including end losses , wall and electrode r e 
sistances, etc. , the experimental data were quite close to the predicted 
values. 

The work on liquid-metal MHD cycle analysis has continued. The 
cycle efficiencies of a two-component system (potassium-lithium) have 
been calculated by varying four parameters independently. 

2. MHD Power Generation - Jet Pump Cycle 

The low operating temperature of the injector jet pump during tests 
permitted the substitution of a t ransparent plastic body, combiner, and dif
fuser. This substitution made possible the observation of the interior be
havior of the jet pump during operation with 130-psi steam. It was seen, 
during these runs, that the condensing shock is quite abrupt and that very 
little two-phase flow is encountered in the constricted high-velocity region 
(see P rogress Report for October 1963, ANL-6801, p. 69). This fact in
dicates improved operation. 

Subsequently, a new design of injector jet and combiner was made to 
allow a high steam inflow and velocity. The new combiner will optimize the 
flow and p ressure -drop conditions. The parts are now being fabricated in 
the shop. 
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3, MHD Power Generation - Flashing Cycle 

Experiments have continued with the rotating wheel generator (see 
P r o g r e s s Report for October, 1963, ANL-6801, p. 69). It has been shown 
that three pulses can be put together to form an ac signal. A positive pulse 
is followed by a negative pulse which is followed by a positive pulse. By 
proper spacing of the copper s t r ips on the rotating wheel, these pulses can 
be put together to form a fairly good ac waveform. These experiments 
show that if the fluid slugs in a MHD power generator can be properly 
spaced and well-defined in the pulsed flow generator, an ac waveform can 
be produced. 

C. Regenerative EMF Cells 

Thermally regenerat ive electrochemical cells which, in a closed 
cycle, would have the net effect of converting heat from a nuclear reactor 
or from some other source into electr ici ty are being investigated. Two 
types of cells are being studied: (l) the lithium hydride cell and (2) bi
metallic cells , 

1. Lithium Hydride Cell 

In the operation of a lithium hydride cell,!'* it is important to keep 
the cell operating tempera ture as low as possible in order to obtain maxi
mum Carnot cycle efficiency. Thus, phase studies are being made in an 
effort to obtain information on systems that might yield cells of improved 
efficiency. The phase diagram of the LiH-LiCI system^^ and that of the 
LiH-LiBr system have been determined. The phase diagram of the 
LiH-LiBr sys tem is shown in Figure 10. A eutectic melting at 495.6°C was 
found in the LiH-LiCl system. A lower melting eutectic (452.3°C) was 
found in the LiH-LiBr system. The deviations of both systems from ideal 
solution behavior are small . 

2. Bimetallic Cells 

Regenerative bimetallic cel ls , 16 which are in effect concentration 
cells without t ransference , have two liquid metal electrodes in contact with 
an electrolyte which consists of a fused salt mixture that contains only the 
salts of the more active metal . Lithium has been used as the more active 
metal in the bimetall ic cel ls , because of the low density and small atomic 
size, which allows lithium to form very nonideal alloys with other, more 
noble meta l s . The low density of lithium pernnits the production of more 

l^chemica l Engineering Division Research Highlights, May 1962-
April 1963, ANL-6766, pp. 113-7. 

ISchemical Engineering Division Summary Report, January, 
February , March 1963, ANL-6687. p. 195. 

l^see Ref. 14, pp. 1 17-121. 
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electr ical current per unit weight than that obtained with other metals ; the 
formation of nonideal alloys gives r ise to cell potentials that are substan
tially greater than those predicted for ideal concentration cel ls . Moreover, 
of the alkali metals , lithium is least soluble in its fused salts , thereby 
allowing operation of a cell containing a molten lithium anode and an elec
trolyte of molten lithium salts at elevated temperatures without appreci
able solubility of lithium in the electrolyte. This low solubility is 
advantageous because a higher solubility would resul t , at best, in the i r 
reversible transfer of lithium to the cathode and, in the extreme case, in 
an internal electrical short-circuit of the cell. 

600 

500 

547.6-C 

1 

\ p P 

\ / 4 5 2 . 3 ' ' C 
29,66% LiH 

685.8''cJ 

1 I I 
3,4 0,5 0, 

L,H, Mole Fraction 

Figure 10. Phase Diagram for the LiH-LiBr System 

M e t a l s which combine with l i th ium to f o r m nonidea l a l l o y s , as 
e v i d e n c e d b y the f o r m a t i o n of i n t e r m e t a l l i c compounds whose m e l t i n g 
points a r e h ighe r than the me l t ing point of e i t h e r e l e m e n t , inc lude Sn, Ga 
In, P b , Bi , Tl , Zn, Cd, and Hg. Of t h e s e c o m b i n a t i o n s , the ce l l 

L i ( i ) / L i C l - L i F ( i ) / B i ( i ) 

wi th X n the a tom f rac t ion of l i th ium, was the f i r s t to be i n v e s t i g a t e d . 

In o p e r a t i o n of this ce l l , the n o r m a l p r o c e d u r e was to con ta in 
e i t h e r or both e l e c t r o d e s in po rous BeO cups which dipped into the m o l t e n 
e l e c t r o l y t e . The ceU was o p e r a t e d in a fu rnace wel l which was c o n n e c t e d 
to a dry box tha t con ta ined a he l i um a t m o s p h e r e of high pu r i t y . The a t o m 
f r ac t ion of b i s m u t h in the ca thode r a n g e d f r o m 0.40 to 0.95. At the l o w e r 
c o n c e n t r a t i o n s of b i s m u t h in the ca thode , sol id Li jBi was p r e s e n t as a s e p 
a r a t e p h a s e . The ce l l potent ia l was m e a s u r e d f b r e a c h c o m p o s i U o n at v a r i 
ous t e m p e r a t u r e s be tween 800 and 1080°K. The da ta a r e shown in F i g u r e 11 
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Cell Potendal as a Function of Terr 
perature and Cathode Composition. 

Li(^)/LiCl-LiF(^)/Bi(/) with XLI 
the Atom Fraction of Lithium 
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A g e n e r a l i z e d l e a s t - s q u a r e s fit of the e x c e s s c h e m i c a l po ten t ia l of 
l i t h i u m w a s m a d e by m e a n s of the e m p i r i c a l f o r m u l a 

AMEI = A + BX L i ' 

w h e r e A and B a r e q u a d r a t i c funct ions of t e m p e r a t u r e a lone . O the r p a r t i a l 
m o l a r t h e r m o d y n a m i c p r o p e r t i e s of lithiunn w e r e c a l c u l a t e d d i r ec t ly f r o m 
th i s e x p r e s s i o n ; the G i b b s - D u h e m r e l a t i o n s h i p was u s e d to c a l cu l a t e the 
p a r t i a l m o l a r t h e r m o d y n a m i c p r o p e r t i e s of b i s m u t h . The e x c e s s c h e m i c a l 
p o t e n t i a l s of l i t h i u m and b i s m u t h a r e shown in F i g u r e 12 for a ce l l t e m p e r 
a t u r e of 850°K. It shou ld be no ted tha t at t h i s t e m p e r a t u r e the l iquid alloy 
b e c o m e s s a t u r a t e d wi th so l id LisBi at 0.46 a t o m f r ac t i o n l i th ium, and no 
e x t r a p o l a t i o n beyond th i s c o n c e n t r a t i o n is ju s t i f i ed . 

When the ca thode is s a t u r a t e d wi th Li3Bi, the ce l l r e a c t i o n m a y be 
w r i t t e n as 

Li(^) + 1/3 Bi (in ca thode al loy) -Z. 1/3 Li3Bi(s) . 

T h u s , u s ing the ce l l po ten t i a l and the c a l c u l a t e d va lue for the ac t iv i ty of 
b i s m u t h in the ca thode a l loy , the s t a n d a r d f r ee e n e r g y of f o r m a t i o n of 
Li3Bi(s) m a y be c a l c u l a t e d and is shown as a funct ion of t e m p e r a t u r e in 
Ficrure 13. 
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Figure 12 
The Excess Chemical Potential of the Lithium-
Bismuth System at 850°K 

Calculated directly from experi
mental enif data 

Least-squares fit of litliium data 
to the equation 

: A + BXLi V L . 

Calculated from Gibbs-Duhem 
relationship 

0,5 0.6 0-7 0.8 0.9 

ATOM FRACTION OF BISMUTH IN LITHIUM 

T h r o u g h use of the c a l c u l a t e d 
p a r t i a l m o l a r t h e r m o d y n a m i c p r o p 
e r t i e s for l i th ium and b i s m u t h , it is 
pos s ib l e to m a k e an e s t i m a t e of the 
vapor p r e s s u r e of l i th ium over the 
al loy a t h ighe r t e m p e r a t u r e s . This 
e s t i m a t e shows that the p a r t i a l p r e s 
s u r e of l i t h ium ove r a 0.60 a tom f r a c 
t ion l i t h ium alloy with b i s m u t h at 
1273°K would be 0.24 m m Hg, while 
the p a r t i a l p r e s s u r e of b i s m u t h would 
be 0.15 m m Hg. T h i s i nd i ca t e s that 
the vapor p r e s s u r e of l i th ium is so 
low tha t the s e p a r a t i o n of a l a r g e a-
moun t of l i th ium f rom the alloy would 
be difficult; f u r t h e r , the vapor would 
con ta in s u b s t a n t i a l a m o u n t s of b i s 
mu th . T h e s e fac t s a r e a d i r e c t r e 
f lec t ion of the high ce l l potenUal expec t ed by an e x t r a p o l a t i o n of the da ta in 
F i g u r e 11. T h u s , the r e l a t i v e l y high ce l l po tenUal tha t i s d e s i r a b l e l e a d s to 
a m a r g i n a l r e g e n e r a U o n of a t e m p e r a t u r e which c u r r e n t r e a c t o r t echnology 
canno t a t t a in . 

900 

TEMPERATURE,' 

Figure 13. The Standard Free Energy of Formation 
of Li3Bi(s) 

T h e s e c o n s i d e r a t i o n s s u g g e s t that a s y s t e m which h a s a s l igh t ly 
w e a k e r i n t e r a c t i o n be tween the a lka l i m e t a l and the =ol^.p-t r^^t^i ;„ ^ „ , 
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desirable and that a slightly lower cell potential must be tolerated (or a 
cell with a la rger tempera ture coefficient of potential must be found). 

Two bimetallic sys tems, which may prove to be easier to regener
ate, are being investigated. One is the lithium-tin system, which not only 
has a large nonideal charac ter , but which, owing to the higher boiling point 
of tin as compared with that of bismuth (3003°K as compared with I852''K), 
should permi t a clean separation of lithium vapor from the alloy at high 
t empera tu res . 

The other system which is being studied is the sodium-bismuth sys
tem. Owning to the lower boiling point of sodium, separation of a relatively 
pure sodium vapor from the alloy may be accomplished at temperatures 
attainable in present-day r eac to r s . However, increased solubility of 
sodium in the electrolyte and lower cell potential as a resul t of less non-
ideal alloy formation are factors which need further investigation. 

3, Regeneration of Bimetallic Cells 

The simplest and probably the most practical means of regenerat
ing a bimetal l ic cell is the direct thermal method. In this method the r e 
generation depends upon the thermal decomposition of the cathodic binary 
alloy product and the separation of the two components by distilling off the 
anodic component, which is collected at the cell operating temperature . 

Exploratory experiments were ca r r i ed out to assess semiquantita-
tively the degree of regenerat ion which might be expected in the alkali 
metal - t in system. In these experiments , alloy samples of 50-50 m/o Li-Sn 
and 50-50 m / o Na-Sn were placed in separate tubes which were subjected 
to a thermal gradient in which the tempera tures at the extremit ies of the 
tubes were 950°C and 550°C. Each alloy was initially located in the hotter 
portion of the tube. After heating, the tubes were quenched and opened. 
In both t es t s , appreciable quantities of alkali metal had condensed in the 
cooler regions of the two tubes. In the test with Na-Sn alloy, 90% of the 
sodium originally introduced as alloy was condensed at the cooler end of 
the tube. The concentration of tin in sodium was found to be 40 ppm by 
spectrographic analysis . In the test with the Li-Sn alloy, 16.7% of the 
lithium metal was separated from the alloy. 
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V. NUCLEAR SAFETY 

A. Thermal Reactor Safety Studies 

1. Metal Oxidation and Ignition Studies 

a. Burning-curve Ignition Studies of Uranium, Plutonium, and 
Their AUoys. AUoys of uranium and plutonium at an atomic ratio of about 
2:1 are desired for zero-power cr i t ical experiments . Binary alloys of 
uranium and plutonium of this composition, however, have a tendency to 
crumble owing to the formation of the zeta phase (U-Pu). As a resul t of 
this crumbling tendency and the concomitant pyrophoricity of binary alloys 
having this atomic ratio, or one near it, work with these alloys involves 
excessive hazards . A study of ternary alloys was undertaken in an effort 
to find an alloy of suitable composition and less hazardous proper t ies for 
the cri t ical experiments. 

Ignition studies were conducted with ternary alloys having 
atomic ratios of uranium to plutonium of about 2 to 1 with about 6 a/o of 
a third component present. Alloys* of uranium and plutonium with alumi
num, copper, carbon, zirconium, molybdenum, or zirconium were 
investigated. 

The burning-curve method'^'' was used in these studies. In this 
method the temperature of the alloy is measured as the alloy is heated at 
a uniform rate (10°C min"') in a flowing s t ream of oxidant (in the present 
ser ies dry air flowing at a rate of 1200 cm^ min" ' was used). As the rate 
of the oxidation increases , the sample self-heats and finally ignites. The 
temperature at which the sample ignites is determined by a graphical 
method. 

The results of the experiments a re given in Table XX. The r e 
sults indicate that the ternary alloys of uranium and plutonium with alumi
num and copper showed little improvement over the alloy containing only 
uranium and plutonium. Both the carbon and zirconium alloys showed 
considerable self-heating between 250 and about 550°C. The ternary alloys 
containing iron and molybdenum, however, showed promise . The molyb
denum alloy ignited at 603°C; the iron alloy did not ignite although heating 
was continued to 820°C. Both of these alloys showed some self-heating in 

*The ternary alloys and the uranium-plutonium alloy used for com
parison in the ignition studies were prepared by the Metallurgy 
Division (see P rogress Report for September 1963, ANL-6784, 
p. 13). 

'Chemical Engineering Division Summary Report April , May, 
June 1961, ANL-6379, p. 192. 
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the range from 300 to 450°C. The degree of self-heating was somewhat 
grea ter than that which occurs with pure plutonium. The nature of the self-
heating suggests that specimens having higher specific a reas than those of 
the samples tested might undergo ignition in this range; this, however, has 
not yet been confirmed experimentally. 

Table XX. Ignition Character is t ics of Uranium, 
Plutonium, and Their Alloys 

(Burning-curve method used with 6-mm-diameter 
by 6-mm-long right cylinders heated in s t ream of 
dry air at rate of 10°C min" ) 

AUoy^ 

U 

P u 

U - P u 
U - P u - A I 
U - P u - C u 
U - P u - C 
U - P u - M o 
U - P u - Z r 

U - P u - F e 

Igni t ion T e m p 

n o 

n o 

(°C) 

7 1 6 

5 2 4 

157 

2 1 3 
2 1 1 
674b 
6 0 3 

ign i t ion 
820^: 

ign i t ion 
820'i 

t o 

t o 

M a x i m u m Burn ing T e m p 

(°c) 

1400 
9 9 0 

8 2 0 

7 7 0 

8 9 0 

9 0 5 

9 5 0 

3-Atomic ratio of uranium to plutonium in the binary 
alloy was 2 to 1. Composition of the ternary alloys 
was about 30 a/o Pu, 6 a/o Al, Cu, C, Mo, Zr, or Fe, 
remainder uranium. (The alloys were prepared by 
the Metallurgy Division.) 

bSelf-heating from 250 to 550°C. 

cSelf-heating from 250 to 500°C. 

<isiight self-heating from 350 to 450°C. 

b. Aluminum-U3O8 Reaction. Studies of the aluminum-U3O8 
thermite reaction were continued. The re-examination of this reaction 
was prompted by a publication!8 in which it was reported that a thermite 
reaction occurred in aluminum-UsOs ce rmet s . Experiments were carr ied 
out at Argonne in which cold-pressed compacts of aluminum with 30, 45, 
60, 75, and 90 w/o U3O8 were used (see P rogress Report for July 1963, 
ANL-6764, p. 65). The samples were subjected to two modes of heating 

18j . D. Fleming and J. W. Johnson, Nucleonics 21 (5), 84 (1963). 
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(see P rogres s Report for August 1963, ANL-6780, p. 55) In one se r i es of 
t e s t s , the samples were heated uniformly at 25°C min" ' to 1300°C. In the 
other se r ies , the samples were heated rapidly, so that the tempera ture 
reached 1300°C in 3 to 4 min. Although some self-heating of the samples 
occurred in both ser ies of experiments, the maximum self-heating r e 
corded was at 400°C. Greatest self-heating occurred with samples con
taining 60 and 75 w/o U3O8. 

Results of chemical analyses of residues from these experi 
ments indicate the following stoichiometry: 

U3O8 + 43/3 AI - 8/3 AI2O3 + 3 UAI3 

The stoichiometric concentration of U3O8 in the U3O8-AI mix
ture corresponds to 68.5 w/o UjOs. Thus in these studies, the mixtures 
which contained 30, 45, and 60 w/o U3O8 had an excess of aluminum. In 
the tests with the 30 and 45 w/o UjOg mixtures , more than 99% of the UjOj 
was reacted. In tests with 60 w/o U3O8 mixtures, the extent of reaction 
ranged from 96 to 99%. In experiments with the 75 w/o U3O8 specimens, 
which contained an excess of U3O8. results of analyses of the metall ic 
phases showed the overall aluminum-to-uranium ratio to be from 2.6 to 
3.1 and suggested that UAI3 is the thermodynamically favored product of 
the reaction. The residue from the 90 w/o U3O8 specimen was a hard, 
refractory material which was not amenable to analysis by the method used 
(see Progress Report for July 1963, ANL-6764, p. 65). 

2. Metal-Water Reactions 

a. Laser-beam Heating Applications. Research is continuing on 
the application of laser -beam heating to metal-water react ions. P re l imi 
nary experiments have been performed with part icles of zirconium, 
aluminum, stainless steel, and uranium. The particle was submerged in 
water in a closed cell and was heated by focusing a l ase r beam on the par
t icle. The extent of reaction was calculated by determining the amount of 
hydrogen evolved. The resul ts of these scouting experiments have not 
been reproducible; for example, the extent of the zirconium-water reaction 
varied from 0.8 to 29%. In most tes ts , it was found that the part ic les had 
not been uniformly melted; some portions of the part icle appeared to be 
destroyed, others appeared to be unaffected by the laser beam. 

b. Meltdown Dynamics by the Condenser-discharge Method. The 
dynamics of meltdown are being studied by means of the condenser-
discharge method. 19 These studies are being undertaken in an attempt to 
scale-up similar studies in which l a se r -beam heating and single part ic les 
a re being used. In the present condenser-discharge tes t s , zirconium and 
platinum wires (of 30-mil diameter by 1 in. long) were heated nearly 

l^See Ref. 17, p. 200. 
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instantaneously to high tempera ture while submerged in water in a 2-ft-long 
channel having a c ross section of 1 in. by -j- in. The height of the water in 
the channel was 15 or 60 cm. The energies imparted to the wires varied 
from 146 to 339 cal g"' in the case of zirconium and from 73 to 230 cal g"' 
in the case of platinum. The tempera tures attained by the zirconium wires 
ranged from 1850°C (mp) to 3500°C, and the temperatures reached by the 
platinum wires ranged from 1770°C (mp) to 4100°C. 

In tes ts with zirconium wires , a void, caused by the rapid for
mation of hydrogen, appeared to form around the particles that were pro
duced as a resul t of the electr ical discharge. The production of the hydrogen 
resulted in a rapid movement of the water in the column. In the more 
energetic t e s t s , some of the water was expelled from the column. No such 
voids were observed in tes ts with the chemically inert platinum wire. It is 
hoped that the tes ts with reactive and chemically inert substances will allow 
the determination of the pa ramete r s necessary to achieve oscillation of a 
water column. The effect of oscillation on the metal-water reaction and on 
the t ransient heat t ransfer will then be studied. 

B. Fas t Reactor Safety Studies 

One of the most important design features affecting the safety of 
fast power reac to r s is the large amount of fuel required, an amount suf
ficient so that if the core were rear ranged compactly enough a super-
prompt-cr i t ica l assembly would resul t . Therefore, one can postulate a 
class of "meltdown" accidents consisting, in principle, of three stages: 
(l) some operating abnormality in which the fuel undergoes failure (or 
"meltdown"); (2) the core re - fo rms into a more reactive configuration; 
(3) a destruct ive burs t of nuclear energy occurs , terminating the incident. 
The mechanisms influencing failure and mater ia l movement are complex 
and not well understood. They are being studied in a program centering on 
experiments being performed in the TREAT reactor . 

1. In-pile Experiments on Meltdown of P re - i r r ad i a t ed Metallic Elements 

A continuing program is being conducted in TREAT to study the 
effects of fission product accumulation on fuel-meltdown mechanism. The 
f irst four p re - i r r ad ia t ed specimens have been run in t ransparent capsules 
(see Monthly Report for September 1963, ANL-6784, p. 65) and are awaiting 
postmortem inspection and analysis . TREAT irradiat ion conditions are 
summarized in Table XXI. 

The high-speed films taken during the exposure indicate that the 
end resul ts of these four experiments a re consistent with resul ts obtained 
with previous p re - i r rad ia ted samples tested to failure in opaque capsules. 
Samples 1 and 2 showed the occurrence of one or more prel iminary fail
u r e s which are indicated by the re lease of small amounts of opaque vapor 
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(presumed to be sodium escaping from the internal bond between fuel and 
cladding); the large failure appeared with the character is t ic high-speed 
re lease of sodium. Unirradiated specimens previously tested and photo
graphed have not shown the multiple fai lures. Sample 3 received an 
energy input in the range between one initiating failure of fuel by swelling 
and clad splitting and one producing incipient fuel movement with solidified 
blobs of fuel attached to the cladding. Sample 3 gave an intermediate ap
pearance between these two modes of behavior, with apparently no time 
delay occurring between the power transient and swelling. Upon failure, 
a thin opaque vapor appeared to be expelled from the sample; its origin 
is not known. Sample 4 produced appreciably more vapor when it failed; 
however, fuel movement was not completely obscured, and fuel could be 
seen moving in discrete par t ic les , with evidence for expulsion from the 
cladding by internal p res su re . 

Table XXI. TREAT Exposure of P re - i r r ad ia ted Samples 

Sample 

Approx TREAT Transient 
Burnup Energy Release 

(a/o) (Mw -sec) Remarks 

1. EBR-II 1 
2. EBR-II 1 
3. Fermi-A 0.3 

Fe rmi -A 0.3 

76 
95 
35 

56 

Extensive failure. 
Extensive failure. 
Fai lure , but no 

disintegration. 
Extensive failure and 

fuel movement. 

2. Niobium-clad Samples of Uranium Carbide 

An order for 42 niobium-clad uranium carbide fuel elements has 
been completed by the vendor and is being prepared for shipment to ANL. 
The elements are of an advanced design intended for application in high-
temperature , high-power density, liquid metal-cooled r eac to r s . The fuel 
is 10% enriched, based on requirements for both steady-state i r radiat ions 
and transient irradiations in TREAT. The uranium carbide fuel pellets, 
used in fabricating the elements, were pressed and sintered to approxi
mately 90%) density and are 0.648 cm in diameter . The elements a re clad 
with 0.030-cm-thick niobium tubing and the fuel element length is 27.9 cm. 
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